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ABSTRACT 
Organ detachment occurs within cell tiers termed abscission zones (AZs).  
Characterizations of mutants with aberrant abscission behavior showed abscission to involve 
multiple signaling pathways.  How such pathways are regulated is largely unknown.  We 
examined Arabidopsis abscission zone transcriptome changes associated with floral organ 
detachment to identify novel shedding regulators.  For genomic studies, we used laser 
capture microdissection (LCM) to dissect AZ cells from surrounding tissues.  Because the 
extremely limited number, small size and close proximity of AZs limited immediate use of 
LCM, we developed new LCM protocols necessary for genomic studies.  
Initial work showed that tape-transfer of paraffin sections to adhesive coated slides 
prior to LCM was superior to conventional slide mounting strategies.  Electrophoresis 
revealed high structural integrity of RNA isolated from multiple types of tape-transferred, 
laser-captured cells.  Optimization of transcriptional profiling methods using RNA from 
relatively abundant replum cells permitted linking of tape-transfer methods to LCM and 
GeneChip profiling in a way that allowed detection of rare gene transcripts.  Replum 
transcriptome profiling identified a cellular shift from primary cell wall metabolism to lignin 
biosynthesis as siliques matured.   
Techniques optimized for replums were used to profile laser-captured stamen AZs.  
Transcriptome changes were monitored at five floral stages from pre-pollination to organ 
shed.  The 554 genes regulated at the highest statistical significance (p-value < = 0.0001) 
included known abscission regulators related to ethylene and auxin signaling as well as a 
receptor-like kinase and extracellular ligand thought to act independent of ethylene.  
Functional categorization of genes showed that cell wall modifying proteins, transcription 
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factors and extracellular regulators were disproportionately represented, and we hypothesized 
that such genes might encode novel abscission regulators.  Functional analyses of one such 
gene, AtZFP2, were conducted.  AtZFP2 encodes a zinc finger protein that is up-regulated in 
stamen AZs post-anthesis.  Transgenic lines overexpressing AtZFP2 show asynchronous and 
delayed abscission as well as aberrant floral organ development and sterility.  These data 
suggest that AtZFP2 might regulate abscission and other developmental processes.  Future 
functional analyses may identify genes expressed solely or predominantly in AZs and suggest 
strategies to manipulate undesirable abscission behavior of agriculturally important plants. 
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CHAPTER I:  GENERAL INTRODUCTION 
 
Introduction 
Abscission is a process by which plants shed organs in response to developmental or 
environmental cues.  During development, it provides plants a mechanism for the removal of 
senescent tissues and the release of ripened fruits and seeds (Patterson, 2001).  Under stress, 
abscission releases damaged organs and reduces the number of organs on the plant to 
facilitate its survival.  However, premature abscission of flower buds and fruits results in 
yield losses or reductions in quality of many agriculturally important crops.  For example, 
soybean and cotton exhibit high rates of precocious shed prior to fruit set, limiting yield 
potential (Wiebold et al., 1981; Guinn, 1982).  Early abscission also reduces the shelf life of 
cut flowers; thus chemical treatments that delay abscission are commonly used in the 
horticultural industry.  On the other hand, resistance to abscission can also be undesirable.  
This is exemplified by citrus, in which loosening of fruits by chemical treatment is required 
before mechanical harvesting.  Understanding molecular mechanisms regulating abscission 
should therefore enable us to develop strategies to improve economics of crop harvesting and 
enhance crop performance via quality or yield. 
Abscission is a highly coordinated and genetically controlled cell separation process 
(Fig.1), which occurs at sites called abscission zones (AZs).  AZs are often but not always 
located at the juncture of the detaching organ and the main body of the plant (Sexton and 
Roberts, 1982).  Abscission zone cells are very small, isodiametric, and cytoplasmically 
dense; they form layers ranging from a few to many cells thick.  These specialized cells 
usually differentiate early during the development of abscising organs but remain arrested 
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while surrounding cells enlarge and vacuolate (Bleecker and Patterson, 1997; Roberts et al., 
2000).  They are sometimes but not always morphologically distinguishable from 
surrounding cells before abscission occurs (Sexton et al., 1985; Bleecker and Patterson, 
1997; Roberts et al., 2000).  Cell separation is brought about by the synthesis and activation 
of cell wall modifying enzymes that break down the middle lamellae connecting adjacent 
cells.  Cell separation is often accompanied by the expansion and rounding of cells on the 
proximal fracture plane that remains on the main body of the plant after organ detachment.  
Cells on the fracture plane continue to enlarge after the detachment of organs and 
differentiate into peridermal scar tissue (Bleecker and Patterson, 1997; Roberts et al., 2000).   
Figure 1.  Schematic representation of abscission and regulatory genes/proteins 
involved. (Modified from Patterson, 2001; Lewis et al., 2006). 
  
Organ patterning and abscission zone differentiation 
Differentiation of abscission zones is the first essential phase for abscission to occur because 
differentiated abscission zone cells are competent to respond to appropriate shedding signals.  
However, proper organ patterning is a prerequisite for the differentiation of abscission zones 
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at future sites of organ detachment (Lewis et al., 2006).  In Arabidopsis, the blade-on-petiole 
genes BOP1 and BOP2, members of the NONEXPRESSOR OF PR GENES1 (NPR1) 
family, function redundantly in floral and leaf patterning.  The double knockout mutant bop1 
bop2 exhibits loss of floral organ abscission (Hepworth et al., 2005).  Two tomato genes, 
JOINTLESS and LATERAL SUPPRESSOR, are involved in the differentiation of pedicel 
abscission zones. The tomato mutant jointless (Butler, 1936) lacks pedicel AZ, so abscission 
of flowers or fruits in jointless does not occur.  Pedicel AZs are incompletely formed in the 
tomato mutant lateral suppressor (Malayer and Guard, 1964), which also fails to abscise. 
Both genes have been cloned. JOINTLESS is a MADS-box gene (Mao et al., 2000) and 
LATERAL SUPPRESSOR (LS) is a member of the VHIID gene family.  LS has possible roles 
in regulating GA responsiveness, as suggested by its sequence homology to GA insensitive 
(GAI) and repressor of GA (RGA) (Schumacher et al., 1999).  
 
Initiation and progression of organ shedding  
Initiation of shedding in differentiated AZs is often triggered by senescence and stress 
conditions imposed by water stress, extreme temperature or pathogen attack. Many of these 
events are associated with elevated ethylene production.  The role of ethylene in accelerating 
abscission is generally accepted.  Delayed abscission is observed in the ethylene receptor 
mutant etr1 (Bleecker et al., 1998) and the ethylene insensitive mutant ein2 (Guzman and 
Ecker, 1990).  Auxin, on the other hand, delays abscission in many cases.  The ethylene: 
auxin balance theory of abscission developed in leaf model systems proposed that auxin 
produced by distal tissues prior to the induction of organ shed prevents ethylene-mediated 
abscission potential of the AZ.  When auxin flux across AZs declines due to aging or stress 
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of distal tissues, ethylene promotes shed (Hall, 1952; Jackson and Osborne, 1970; Addicott, 
1982).  Potential interactions of the auxin and ethylene signaling pathways to abscission were 
investigated in recent studies of auxin response factors (ARFs).  ARF proteins positively or 
negatively regulate auxin-responsive genes by binding to auxin response elements (Ulmasov 
et al., 1999).  ARF2-deficient mutants of Arabidopsis exhibit delayed senescence and floral 
organ abscission phenotypes that can be enhanced by additional mutations in ARF1 and other 
ARFs (Ellis et al., 2005).  But interestingly, behavior of double mutants corresponding to 
ARF2 and key members of the ethylene signaling pathway showed that ARF2-control of 
senescence and abscission was ethylene-independent.  This suggests that ethylene and auxin 
may control abscission by mechanisms that go beyond simple antagonism. 
In addition to a role for ethylene in abscission regulation, a number of genes have 
been identified that regulate abscission in an ethylene-independent manner.  Transgenic 
plants expressing the MADS-box gene construct 35S::AGL15 (Fernandez et al., 2000) as 
well as the delayed abscission 1 (dab1) mutants (Patterson and Bleecker,2004) are ethylene 
sensitive.  However, abscission in both lines is delayed longer than that in ethylene 
insensitive mutants like etr1.  Therefore, ethylene-independent pathways may have the 
potential to have a significant effect on abscission rate.  In some cases, these effects on 
abscission could be nonspecific or indirect.  For example, knocking down the expression of 
either ARP4 or ARP7 (encoding actin-related proteins) by RNAi suppression results in 
pleiotropic effects such as reduced fertility, delayed senescence, and floral organ abscission.  
However, no defect was observed in the development of floral organ abscission zones in 
these ARP RNA interference mutants (Kandasamy et al., 2005a; 2005b).  Thus, effects must 
be due to events occurring after differentiation. Delayed abscission observed in mutants with 
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reduced levels of ARP7 or ARP4 might be due to delayed senescence, as is the case with 
35S:AGL15 and dab1 mutants (Fernandez et al., 2000; Patterson and Bleecker, 2004). 
In contrast to the genes just discussed, ethylene-independent genes could be more 
specifically and directly involved in abscission regulation.  That is, knockout of these genes 
might result in delayed or deficient abscission without obvious defects in developmental 
processes like senescence.  HAESA encodes a leucine-rich repeat receptor-like kinase (RLK) 
expressed in floral abscission zones (Jinn et al., 2000).  Antisense HAESA mutants show 
defects in floral organ abscission with the severity of phenotype correlated with the 
expression level of the transgene.  Jinn et al. (2000) demonstrated that expression of HAESA 
is independent of ethylene signal transduction.  
Floral organs in mutant ida (inflorescence deficient in abscission) plants are 
completely blocked in abscission, even after exposure to ethylene treatment. However, some 
other ethylene-induced responses such as the triple response and senescence are retained in 
ida plants (Butenko et al., 2003).  Promoter-GUS studies show that IDA is expressed 
specifically in floral AZs, with strong expression at later developmental stages.  Scanning 
electron microscopy (SEM) and breakstrength assays that measure the force required to 
detach flower petals suggest that the final separation step is disrupted in the ida mutant.  
Overexpression of IDA results in early floral organ abscission and ectopic abscission of 
organs that normally do not abscise: pedicels, inflorescence branches and cauline leaves; this 
suggests that IDA is a positive regulator of cell separation (Stenvik et al., 2006).  
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Abscission requires the combined activities of multiple cell wall modifying proteins 
The breakdown of middle lamellae between AZs and the dissolution of flanking primary cell 
walls initiates cell separation.  Enzymes known to be involved in wall modification during 
abscission include endo-ß-1,4-glucanases (EGases) and polygalacturonases (PGs) 
(Lashbrook et al., 1994; Brummell et al., 1999; Roberts et al., 2000).  Diverse cell wall 
modification proteins such as pectate lyases, pectin methylesterases, expansins and 
xyloglucan endo-transglucosylase/hydrolases may be among the candidates contributing to 
abscission regulation.  Genes encoding all of these cell wall modification enzymes belong to 
large gene families.  For example,  at least 66 genes encode PGs (Kim et al., 2006) and more 
than 20 genes encode EGases (del Campillo, 1999).  Abscission-specific genes encoding 
these enzymes remain to be determined.  
 
Final stages of abscission conclude by sealing of the wound site  
Cell separation is accompanied by deposition of suberin or wax on the newly exposed cells 
of the separation layer.  SHINE 1 (SHN1), one member of the AP2/EREBP transcription 
factor family in Arabidopsis, might be associated with regulation of protection layer 
formation.  This gene is expressed in floral organ abscission zones. Transgenic lines with 
overexpression of SHINE1 exhibit shiny bright green surfaces and increased drought 
tolerance, presumably by altering wax biosynthesis (Aharoni et al., 2004).  Additionally, 
Accumulation of pathogenesis-related (PR) proteins including PR-4, chitinases, and ß-1,3-
glucanases limits invasion of pathogens into the proximal AZ face until wound sealing is 
complete (Patterson, 2001; Roberts et al., 2002).  Collectively, formation of physical barriers 
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and activation of plant defense by multiple gene products are important post-abscission 
events that prevent pathogen invasion or desiccation (Patterson, 2001; Roberts et al., 2002).  
As described above, significant progress has been made in the understanding of 
many regulatory aspects of abscission.  Most recent developments suggest the existence 
of ethylene-dependent and -independent abscission pathways. At present, most 
components of the latter signaling pathway remain to be determined.  Identification of 
genes that exhibit significant changes in expression levels within AZs during abscission 
might provide instructive clues to further identify candidates for functional analyses.  
However, knowledge of AZ transcriptome changes associated with abscission has been 
completely lacking.  Cell type-specific global gene expression profiling (Galbraith and 
Birnbaum, 2006) has been anticipated to be a promising method to obtain important 
clues elucidating the molecular pathways signaling abscission in AZ cells.  One of the 
methodologies used to obtain enriched specific cells is laser-capture microdissection 
(LCM).  Sectioned tissues are usually required for conducting LCM. Isolation of specific 
plant cells using LCM has been previously used for microarray studies in epidermal and 
vascular cells of maize seedlings (Nakazono et al., 2003) and pericycle cells (Woll et al., 
2005).  There are a few protocols available that link LCM with downstream analyses in 
cDNA library construction, RT-PCR and global gene profiling (Asano et al., 2002; Kerk 
et al., 2003; Nakazono et al., 2003).  Maintenance of cellular morphology and 
preservation of RNA integrity are essential for identification of target cells and 
measurements of global transcript abundance.  As morphological features of AZ cells 
would allow them to be distinguished from surrounding cells, isolation of these specific 
cells for transcriptional profiling study is theoretically feasible.  Limited amounts of cells 
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within AZs and the physical closeness between different floral organ AZs necessitates 
highly preserved cell morphology and recovery of high quality RNAs. Optimization of 
an LCM protocol to isolate AZ cells would be my first step towards transcriptome 
analyses.   
In order to obtain the benefits that would result from AZ cell-specific 
transcriptome, studies were conducted to: (a) Optimize LCM protocols for the recovery 
of high-quality RNA from laser captured AZ cells; (b) Prepare targets for profiling the 
AZ transcriptome of floral stamens at multiple stages before and up to organ shedding; 
(c) Reveal how global patterns of gene expression are altered in stamens engaged in the 
abscission process and; (d) Characterize some candidate genes which may control 
stamen abscission. 
 
Dissertation Organization 
This dissertation includes modified versions of manuscripts either published or to be 
submitted for publication.  It contains a general introduction, two research papers, a general 
conclusion, references, acknowledgments. The journal papers are formatted according to the 
requirements of each journal.  The general introduction (Chapter I) provides a concise 
overview of abscission and the genetic factors involved in abscission regulation.  
Additionally, research objectives are presented in this section.  Chapter II, “Laser capture 
microdissection of plant cells from tape-transferred paraffin sections promotes recovery of 
structurally intact RNA for global gene profiling,” is a research paper published in The Plant 
Journal (48: 628-637, 2006).  Chapter III,  “Transcriptional profiling of laser-microdissected 
stamen abscission zones in Arabidopsis.” is a research article submitted to Plant Physiology.  
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Literature cited for general introduction and general conclusions are listed together in the 
references section. Suqin Cai is the primary investigator for this work under the supervision 
of Dr. Coralie C. Lashbrook.    
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CHAPTER II: LASER CAPTURE MICRODISSECTION OF PLANT CELLS FROM 
TAPE-TRANSFERRED PARAFFIN SECTIONS PROMOTES RECOVERY OF 
STRUCTURALLY INTACT RNA FOR GLOBAL GENE PROFILING 
 
A paper published in the Plant Journal1 
Suqin Cai and and Coralie C. Lashbrook 
 
Summary 
Laser capture microdissection and related technologies permit the harvest of individual cells 
and cell types. Isolation of either nucleic acids or proteins from laser-captured cells supports 
such downstream applications as the construction of cell-specific cDNA libraries and the 
profiling of expressed genes and proteins. The success of these endeavors is dependent upon 
the yield, purity and structural integrity of the macromolecules derived from harvested cells. 
Here, we report protocols that promote the isolation of structurally intact RNA from laser-
captured cells of paraffin-embedded tissues. The use of a tape transfer system that obviates 
the need to wet paraffin sections prior to slide mounting significantly increases RNA 
structural quality. Integrity is assessed directly via electrophoretic separation of picogram–
nanogram levels of total RNA isolated from multiple cell types, including those comprising 
Arabidopsis ovules, replums and stamen abscission zones. RNA prepared from specialized 
cells within siliques provided targets for profiling the Arabidopsis genome during replum cell 
development. Digital northern analysis of transcripts expressed near the threshold of the 
system's ability to score signal presence suggests that low-abundance transcripts representing 
                                                 
1 Reprinted with permission of The Plant Journal 2006, 48: 628-637 
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as little as 0.002% of total mRNA can be reliably detected. Microarray data reveal a 
significant shift from primary cell-wall metabolism to lignin biosynthesis in replum tissues 
during fruit maturation. 
 
Introduction 
The ability to detect regulated gene expression in specific cell types is dependent upon the 
homogeneity of analyzed cell populations. Laser-based cell-capture technologies greatly 
facilitate the selective collection of either individual cells or cell types (Brandt, 2005; Day 
et al., 2005; Lange, 2005; Lee et al., 2005; Nelson et al., 2006; Schnable et al., 2004). Such 
methods include laser capture microdissection (LCM) (Emmert-Buck et al., 1996) and 
microdissection coupled with laser pressure catapulting (LMPC) (Burgemeister et al., 2003). 
Both procedures enable the capture of cells for downstream applications including nucleic 
acid isolation (Inada and Wildermuth, 2005; Kerk et al., 2003; Ramsay et al., 2004), cDNA 
library construction (Asano et al., 2002), protein profiling (Schad et al., 2005a), metabolic 
profiling (Schad et al., 2005b) and microarray studies (Casson et al., 2005; Nakazono et al., 
2003). Matsunaga et al. (1999) employed LMPC in a strategy to recover single pollen grains 
for typing analyses. 
In plants, the quality of cellular RNA derived from laser-dissected cells has been 
assessed by spectral analysis that establishes total yield (Inada and Wildermuth, 2005; Kerk 
et al., 2003; Nakazono et al., 2003), and/or by RT-PCR that establishes the integrity of 
specific transcripts within an RNA population (Casson et al., 2005; Inada and Wildermuth, 
2005; Kerk et al., 2003; Ramsay et al., 2004). However, successful transcript amplification 
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by RT-PCR does not provide information about the structural integrity of total RNA. The 
ability of downstream applications to perceive the accumulation of rare gene transcripts may 
fail if experimental materials are compromised by RNA degradation. 
Detachment of organs from parent plants takes place within specialized tiers of cells 
termed abscission zones (AZs). In Arabidopsis, organs that abscise include flower petals, 
stamens and sepals. Because of the physically close association of organs in the floral whorl, 
maintenance of the highest cellular morphology possible is critical when developing laser 
capture protocols for AZs. The extremely low abundance of AZ cells imposes a second 
requirement that RNA must be of maximal yield and integrity. Preliminary laser capture 
studies of Arabidopsis AZs and other cells using published protocols did not allow us to meet 
these requirements. We sought to establish ways to increase the quality and yield of RNA in 
order to support future microarray profiling studies. 
The use of cryogenically frozen sections increases the RNA yield relative to the use 
of paraffin sections in animal cells (Gillespie et al., 2002; Scheidl et al., 2002). RNA derived 
from frozen sections has served as a source of hybridization targets for gene profiling studies 
of rice phloem cells (Asano et al., 2002), maize epidermal cells and vascular tissue 
(Nakazono et al., 2003), and Arabidopsis embryo cells (Casson et al., 2005). In preliminary 
abscission studies, cryosectioning of floral parts failed to yield anatomically distinct 
abscission zone cells, and the physical integrity of tissues harboring AZs in the early stages 
of cell separation was difficult to maintain (Rosin and Lashbrook, data not shown). 
Paraffin-embedded tissue sections have been used successfully in the laser-mediated 
isolation of various plant cell types (Kerk et al., 2003; Ramsay et al., 2004). However, the 
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yield of RNA that can be isolated from paraffin sections is comparatively low, and the 
quality of isolated RNA is difficult to establish at low concentrations. Paraffin embedding 
has also been associated with the degradation of isolated macromolecules (Gillespie et al., 
2002; Inada and Wildermuth, 2005). As reported below, we modified existing methods for 
paraffin-based LCM to promote a higher yield and quality of cellular RNA. Isolated RNA 
was used to prepare microarray targets for GeneChip studies of replum cell development. 
Replum cells are relatively abundant, but our protocols work equally well for rare cell targets 
including those in floral AZs. 
 
Results and discussion 
Preserving cellular morphology while maximizing RNA yield and integrity 
Paraffin embedding was our method of choice because of its ability to enhance cellular 
identification (Kerk et al., 2003). An ethanol: acetic acid mixture (EAA) served as fixative 
for paraffin-embedded tissues. EAA has been reported to increase both the yield and the 
quality of RNA above the levels obtained with cross-linking reagents (Kerk et al., 2003; 
Nakazono et al., 2003). Figure 1 depicts EAA-fixed and sectioned gynoecium and silique 
tissues before (Figure 1a,c) and after (Figure 1b,d) the respective laser capture of ovule and 
replum cells. Good preservation of targeted-cell features in EAA-fixed, paraffin-embedded 
sections made the laser capture of desired cells from multiple tissues routine. 
Initial efforts to obtain intact RNA from laser-captured cells from EAA-fixed paraffin 
sections were often unsuccessful. In Figure 2(a,a'), a typical electrophoretic fluorescence 
profile and gel image of total RNA obtained in early studies show the structural quality to be 
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poor. A significant degradation of nucleic acid is revealed by the absence of distinct peaks 
(Figure 2a) and gel bands (Figure 2a') for the two major ribosomal RNAs. Low RNA quality 
resulted from the use of conventional methods for the laser capture of cells from paraffin 
sections mounted on glass slides. 
In conventional methods of slide mounting, paraffin ribbons are floated onto a bead 
of water to expand the ribbon into a configuration that evenly mounts. The slide is then dried 
before the LCM of desired cells. Our group uses the PixCell II laser capture system (Arcturus 
Engineering ,Mountain View, CA, USA; http://www.arctur.com). Following laser capture, 
RNA is prepared from cells using commercial kits that enhance RNA yield from small 
quantities of material. 
We initially believed that the poor integrity of RNA obtained from laser-captured 
cells that were processed by conventional methods (Figure 2a,a') was a result of RNase 
contamination of either reagents or slides. However, rigorous treatment of all experimental 
materials with the RNase-inhibiting compound diethylpyrocarbonate did not enhance the 
quality of RNA (data not shown). We next determined whether the loss of RNA integrity 
occurred either during tissue preparation (i.e. fixation, processing and paraffin embedding) or 
during slide mounting. The quality of RNA prepared from unmounted paraffin sections is 
shown in Figure 2(b,b'). In contrast to the RNA shown in Figure 2(a,a'), structurally intact 
RNA is present in unmounted tissue sections as is evidenced by the resolution of two distinct 
fluorescent peaks and electrophoretic bands corresponding to the 18S and 28S ribosomal 
subunits of rRNA (Figure 2b,b'). According to the manufacturer's website 
(http://www.chem.agilent.com), the species eluting at 25 sec in the RNA spectra of 
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Figure 2 is an unresolved population of 5S and transfer RNA. That the quality of total RNA 
in non-mounted tissue (Figure 2b,b') was significantly greater than in mounted laser-captured 
sections (Figure 2a,a') suggested that a loss in the quality of RNA might occur during the 
stretching of paraffin ribbons onto water and/or slide drying. 
To test these ideas, the drying of paraffin ribbons stretched onto slides with water was 
reduced to 15–20 min at 42°C. Using this procedure, the quality of RNA extracted from 
scraped tissue sections was improved over those obtained from slides dried longer, but RNA 
degradation still occurred (data not shown). We then tested a tape-based paraffin section 
mounting system (Instrumedics, Hackensack, NJ, USA) that completely avoids exposure to 
both water and heat. The system is distinct from the Instrumedics Cryo-Jane system 
previously used to mount frozen sections for plant laser-capture studies (Nakazono et al., 
2003). Using the paraffin-tape transfer protocol, we transferred paraffin sections of flowers 
onto adhesive-coated slides. Bonding of the sections to the slide was accomplished by 
irradiation with UV light. Cells were laser-captured from floral sections and RNA was 
isolated using the PicoPure RNA isolation kit (Arcturus Engineering). 
The quality of RNA derived from paraffin sections of multiple tissues mounted with 
tape (Figure 3) was higher than that obtained using conventional methods (Figure 2a,a'). 
Structural integrity could be demonstrated in RNAs prepared from laser-captured cells from 
ovules and replums (Figure 3a,a',b,b'), and from abscission zone cells of flower stamens 
(Figure 3c,c'). The distinct flourescent peaks (Figure 3a,b,c) and electrophoretic banding 
patterns (Figure 3a',b',c') of the 18S and 28S rRNA species indicate that the RNA 
degradation is much reduced in tape-processed samples compared with water-stretched 
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samples. It is possible that RNase activity in non-tape-transferred paraffin sections may be 
activated by exposure to water during slide mounting. 
In order to reduce slide numbers and the times needed for tissue sectioning and cell 
capture, we embedded either 20–30 flowers or 30–35 siliques in each embedding mold. 
Depending upon the prevalence of cells targeted for capture, and their mRNA content, an 
experienced user can typically obtain enough cells in a day to prepare RNA for downstream 
applications. From laser-captured replum cells captured over a 3-h period, we generate 
100 ng of RNA. For floral organ abscission zone cells, approximately 10 000 AZ cells can be 
captured in about 7 h. The yield of RNA per laser-captured flower petal or stamen AZ cell is 
estimated to be approximately 10–15 pg. 
 
Use of RNA from laser-captured cells for functional genomic analyses 
Reproducibility of RNA amplifications for technical and biological replicates within 
common developmental stages.  We determined whether the RNA extracted from laser-
captured cells prepared using the paraffin-tape transfer system was suitable for use in 
microarray studies. Preparation of RNA from replum cells of Arabidopsis siliques 2 days 
(2 DAF; Figure 4a) and 5 days after flowering (5 DAF; Figure 4b) yielded nanogram 
quantities of RNA for amplification. We tested whether T7-based linear RNA amplification 
maintained the relative abundance of each transcript in a population using different quantities 
of input RNA. Independent amplifications of RNA (either 100 or 200 ng) were conducted 
using a common source. After the first round of amplification, 20–25% of total aRNA was 
used, undiluted, for the second round of amplification to generate biotinylated aRNA. aRNA 
 17 
 
samples were hybridized to Arabidopsis Genome ATH1 arrays (Affymetrix, Santa Clara, 
CA, USA). In Figure 4(c), scatter plots reveal that high scatter is present at low signal 
intensities representing signals called absent in both samples (Figure 4c; yellow icons). 
Signals called present in both samples exhibit significantly less variability (Figure 4c; red 
icons). The percentages of genes called present following the corresponding hybridizations of 
technically replicated aRNA from replums 2 DAF were 70.5% and 71.6% (data not shown). 
These technical replication data suggest to us that potential discrepancies in the quantities of 
input RNAs would be insignificant sources of undesired expression variability.  
To assess the reproducibility of biological replications, Figure 4(d) compares 
hybridization of aRNAs derived from replums of independent plant populations at 5 DAF. 
The greatest level of data scatter is evident at low signal intensities, where signal is called 
absent in both populations (Figure 4d; yellow icons). In contrast, significantly less scatter is 
evident for signals corresponding to transcripts called present in both biological replicates 
(Figure 4d; red icons). Most signals called present fall between a window bracketing twofold 
changes in signal intensity (Figure 4d). These data increase confidence that changes in 
developmental gene expression reported below for replum cells are significant. 
 
Regulated gene expression in replum cells during silique elongation.  RNA amplifications 
were performed in triplicate at either 2 or 5 DAF and hybridized to GeneChips. Figure 4(e) 
represents a scatter plot of signals corresponding to one set of developmental expression. 
Based on the percentage of present call rates, approximately 15 550–16 660 probe sets were 
detected, corresponding to 68–71% of probe sets present on the GeneChips (data not 
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shown). The rate of present call is relatively high but not unexpected because two-rounds of 
T7-based amplification should raise rarely expressed transcripts to detectable levels. 
Increasing the percentage of detectable probe sets via amplification promotes detection of 
certain classes of differentially expressed genes (Feldman et al., 2002; Polacek et al., 2003).  
Statistical analysis showed that there were 1539 probe sets that yielded a P ≤ 0.01, 
demonstrating a high statistical significance. We identified 37 significantly regulated genes 
with detected P < 0.001 and with signal intensities that changed at least sevenfold (Table 1). 
Over one-third of the 37 probe sets are predicted to be members of gene families that modify 
the structure of cell walls. One half of the remaining genes had predicted functions including 
signal transduction, cellular metabolism, protein storage and protein transport. The remaining 
genes corresponded to sequences in either Arabidopsis or other species with either no 
identified transcript or a transcript with no assigned biological function. 
Cell-wall-related transcripts at higher levels in replums of siliques at 2 DAF, relative 
to 5 DAF, corresponded to gene families whose members play roles in primary cell-wall 
modification. Transcripts for cell-wall modifying enzymes included xyloglucan 
endotransglycosylase-related protein XTR-7 (At4g14130), expansin (At5g39260), pectate 
lyase (At5g48900), a multi-copper oxidase type-I family protein with potential pectinesterase 
function (At1g41830), a glycosyl hydrolase family 3 protein (At5g09730, Goujon et al., 
2003) with structural similarity to β-xylosidase-like proteins and an invertase/pectin 
methylesterase inhibitor (At3g17150). The finding that primary cell-wall-related gene 
products are expressed at a higher rate at 2 DAF than at 5 DAF is consistent with the higher 
growth rate of siliques and their replum cells at 2 DAF. Expansins and xyloglucan 
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endotransglycosylase are two classes of cell-wall-modifying proteins that accumulate during 
cell-wall expansion and growth (Li et al., 2003; Rose et al., 2002). Gene products 
structurally related to multi-copper oxidases are also strongly expressed in expanding tissues 
(Sedbrook et al., 2002). Pectin methylesterase (PME) inhibitors post-translationally regulate 
the expression of pectin methylesterases that catalyze the demethylation of esterified pectins 
(Raiola et al., 2004). In the absence of PME inhibitors, PME renders pectins more 
susceptible to degradation by the pectolytic enzymes polygalacturonase and pectate lyase 
(reviewed by Lashbrook, 2005). 
Transcripts that were preferentially accumulated in the replums of 5-DAF siliques, 
relative to 2-DAF siliques, included those encoding a glycosyl hydrolase family protein 51 
(At5g26120), xyloglucan galactosyltransferase (At1g27440), pollen Ole e 1 allergen and 
extensin family protein (At2g34700), cinnamoyl CoA reductase (At1g76470) and 4-
coumarate-CoA ligase (At3g21230). High transcript levels of AtASD2, an α-L-
arabinofuranosidase (At5g26120), accumulated in the replums of 5-DAF siliques. This 
observation is consistent with reports that expression of AtASD2 is restricted to floral 
abscission zones and silique replums (Fulton and Cobbett, 2003). 
Cinnamoyl CoA reductase and 4-coumarate-CoA ligase are enzymes in the 
biosynthetic pathway leading to lignin (reviewed by Boerjan et al., 2003). Because of the 
apparent prevalence of lignin biosynthetic genes, we investigated whether additional 
components of the lignin biosynthesis pathway were regulated in developing replum cells. 
Consequently, we relaxed the stringency of the P-value that indicated significance to 
somewhat >0.001, whereas the requirement for signal intensities to be increased by at least 
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sevenfold was maintained.Figure 5 shows the results of this analysis, which revealed 
significant expression of the lignin-biosynthetic genes phenylalanine ammonia-lyase (PAL; 
detected P = 0.00367), cinnamyl-alcohol dehydrogenase (CAD; P = 0.039081) and caffeoyl-
CoA O-methyltransferase (CCoAOMT; P = 0.0069). 
To validate the microarray data, cross sections of siliques were stained with 
phloroglucinol, a dye that renders lignin pink (Figure 5, inset). Based on color production, 
there is little detectable lignin at 2 DAF. A few lignified cells are stained at 5 DAF and many 
cells are stained by 6 DAF (Figure 5 inset). Histochemical data thus supports the up-
regulation of transcripts for lignin biosynthetic genes in our gene array studies. 
Quantitative validation of array expression data was performed using quantitative 
real-time PCR (QPCR). Table 2 compares QPCR and Affymetrix signal intensity data 
corresponding to the accumulation of transcripts for five lignin biosynthetic genes between 2 
and 5 DAF. Both data sets confirm the presence of developmentally up-regulated lignin gene 
expression in the replums of elongating siliques. 
'Digital northern analysis' has been used to infer the abundance of an mRNA 
transcript given its level of representation in a non-normalized expressed sequence tag (EST) 
population (Audic and Claverie, 1997; Ohlrogge and Benning, 2000). The 1-
aminocyclopropane-1-carboxylate synthase (ACC synthase; ACS) family of ethylene 
biosynthetic genes was selected as a system in which to evaluate transcript detection 
sensitivity, because ACC synthases produce labile polypeptides present at very low levels in 
multiple tissues and species. In ripening tomato fruit actively synthesizing ACS, the enzyme 
appears to constitute <0.001% of the total pericarp protein (Bleecker et al., 1986). Table 3 
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correlates potential AtACS transcript abundance in replums with raw fluorescent signal data 
for the nine members of the AtACS gene family. Neither AtACS10 and 12, recently 
reclassified as aminotransferases, nor the pseudogene AtACS3 (Yamagami et al., 2003) are 
represented. 
In Table 3, replicated signals for AtACS1 fail to agree on either signal presence or 
absence. AtACS1 may represent a low abundance transcript which challenges the detection 
capacity of the system, and indeed there are no ESTs in dbEST representing this gene family 
member. In contrast, signals for AtACS2, AtACS6 and AtACS8, which have 3–12 ESTs in 
dbEST, are scored as present in all replicates. From these data, and from our knowledge of 
the Arabidopsis dbEST population size, we can infer that our system has the sensitivity to 
detect transcripts below 0.002% mRNA abundance. 
If 0.005% is defined as a rare message (Mahalingam et al., 2003), our system is 
sensitive enough to permit the measurement of many low-abundance transcripts. However, 
very rare mRNAs are known to contribute <0.001% to total mRNA content (Ambion, 2006). 
One such mRNA may be AtACS1, which failed to yield reproducible presence/absence calls 
at 2 DAF (Table 3), as well as at 5 DAF (data not shown). AtACS1 expression in the replums 
of siliques of similar developmental stage as 2 DAF has been demonstrated using promoter-
GUS expression assays (Tsuchisaka and Theologis, 2004). It is likely that the expression of 
other extremely rare transcripts will fall below the sensitivity threshold of our experimental 
system. This limitation notwithstanding, the great effectiveness of the tape-based method in 
preserving RNA integrity combined with the high fidelity of RNA amplification for global 
gene profiling contribute to its ability to identify multiple transcribed genes, including many 
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of moderately low abundance. We anticipate such protocols will be useful for other laser-
based studies aimed at profiling suites of cell- and tissue-specific genes expressed in plants. 
 
Experimental Procedures 
Plant materials and tissue processing 
Arabidopsis seed (Col-0) was sown in sterilized potting soil (Sunshine LC1 mix; Sungro 
Horticulture, Bellevue, WA, USA) and grown in a growth chamber at 21°C under a 16-h 
light and 8-h dark cycle. Flowers were collected at desired stages for paraffin sectioning and 
laser capture. For plant material destined for microarray studies, three flats were prepared. 
Siliques at different developmental stages were collected from each plant and tissues at the 
same developmental stage within each flat were pooled. Tissues were fixed, processed and 
paraffin-embedded following a modified protocol (Kerk et al., 2003). Following harvest, 
tissue segments of around 2–3 mm in length were immersed immediately in at least 10-fold 
volumes (v/v) of fixative (75% ethanol and 25% acetic acid) at 4°C. To facilitate the 
penetration of fixative and sinking of tissue, samples were evacuated (0.067 MPa) for 5–6 h 
on ice. After fixation, silique segments were transferred to an excess volume of 75% ethanol 
(v/v) at 4°C for 30 min. The process was repeated once to remove excessive fixative. 
Fixed segments were processed in at least 10-fold volumes of solvent (v/v) at room 
temperature (25-27°C) as follows: 95% (v/v) ethanol for 30 min (once), 100% (v/v) ethanol 
for 45 min (three times), 50% pure ethanol: 50% xylol (v/v) for 45 min (once), and 100% 
(v/v) xylol for 45 min (three times). Sample vials were transferred to an oven at 58°C and 
about 5 ml of liquefied paraffin (Paraplast-X-tra; Fisher, Fairlawn, NJ, USA) was added to 
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each vial. At 4-h intervals, one-third of the paraffin–xylol mixture was replaced with an equal 
volume of liquefied paraffin (four times). (Alternatively, the second replacement was 
allowed to stand overnight.) The final paraffin–xylol mixture was then replaced with pure, 
liquefied paraffin at 4-h intervals (three times), with one final overnight interval with the lid 
off. The 30–35 silique segments were then embedded vertically in pure, liquefied paraffin in 
each Peel-A-Way disposable plastic tissue-embedding mold (Polysciences Inc., Warrington, 
PA, USA). Multiple flowers were also arranged in each embedding mold. Paraffin-embedded 
segments were stored at −20°C. 
 
Paraffin sectioning 
Cross sections (10 μm) of siliques and 10-μm longitudinal sections of flowers were cut on a 
rotary microtome (AO Spencer 820 Microtome; American Optical). A paraffin-tape transfer 
system (Instrumedics, Hackensack, NJ, USA) was used to mount paraffin sections onto 
slides. Specifically, adhesive tape was applied to the face of a paraffin block with a 
handroller. The taped paraffin section was cut and transferred to an adhesive-coated slide 
(Instrumedics, Hackensack, NJ, USA) section side-down. The sample was illuminated for 
30–40 sec under an ultraviolet (UV) lamp (366 nm). The adhesive tape was removed by 
submerging slides in xylol. Slides typically remained in xylol at room temperature until laser 
capture. Occasionally, some slides in xylol were transferred to 4°C overnight before laser 
capture the following day. 
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Laser capture microdissection and RNA extraction 
LCM was performed using the Pix-Cell IITM system with CapSureTM Macro LCM caps 
(Arcturus Engineering). The power and duration of a laser beam of diameter 7.5 μm was 
variable from tissue to tissue. Power settings of 60–70 mW and laser pulse durations of either 
600 or 700 μsec were typical. LCM caps were changed at 20-min intervals. CapSureTM 
Pads (Arcturus Engineering) removed any non-specific material adhering to the cap. 
Thermoplastic film containing captured cells was peeled off caps and transferred to a 0.5-ml 
microcentrifuge tube with 20 μl of extraction buffer (PicoPure RNA isolation kit; Arcturus 
Engineering). Typically one film was transferred to each tube. After incubation at 42°C for 
30 min, tubes were frozen at −80°C. 
Up to 20 tubes of cells were pooled prior to RNA isolation. RNA was extracted from 
microdissected cells with the PicoPureTM RNA isolation kit. RNA yield was determined 
using NanoDrop (Ambion Inc., Austin, TX, USA), and its quality was analyzed by 
microcapillary electrophoresis on the Agilent Bioanalyzer using the RNA 6000 Pico LabChip 
kit (Agilent, Wilmington, DE, USA). 
 
Generation of biotinylated aRNA targets for GeneChip hybridizations 
Targets for hybridization to Affymetrix ATH1 GeneChips (Affymetrix, Santa Clara, CA, 
USA) were generated by two rounds of amplification using the BioArrayTM RNA 
amplification and labeling system (Enzo Life Sciences Inc., Farmingdale, NY, USA). For the 
first round of amplification, either 100 or 200 ng of total RNA extracted from microdissected 
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replum cells served as a template for the synthesis of first-strand cDNA. First-strand cDNA 
was purified using the MinEluteTM DNA purification kit (Qiagen, Valencia, CA, USA). 
Purified tailed and terminated first strand cDNA (19 μl) was used for the synthesis of second-
strand cDNA. Double-stranded cDNA was purified using the MinEluteTM DNA purification 
kit. The 19 μl of purified double-stranded cDNA served as a template for in vitro 
transcription to generate amplified RNA (aRNA). Between 20% and 25% of the product 
from the first round was used as a template for the second round of amplification, when 
biotin-labeled ribonucleotides were incorporated. Biotinylated aRNA was purified using the 
RNeasyTM Mini Kit (Qiagen). A quantity of labeled aRNA was assessed with the Nanodrop 
System C (Ambion). The typical yield for biotinylated product was 60–80 μg. Subsamples 
containing 30 μg of biotin-labeled aRNA were fragmented and 22.5 μg of fragmented 
product were hybridized to ATH1 arrays at the Iowa State University Gene Chip Facility. 
Array staining and scanning followed Affymetrix protocols. 
 
Microarray data analysis 
Affymetrix ®MicroArray Suite v. 5.0 software (MAS 5.0) established signal intensities on 
scanned GeneChips. Scatter plots of signal data corresponding to RNA amplifications within 
replications were constructed using Affymetrix® GeneChip® Operating Software v. 4.0. A 
linear mixed model (Wolfinger et al., 2001) was fitted for each of the 22 810 probe sets on 
GeneChips using the Statistical Analysis System (SAS) mixed procedure (SAS Institute, 
Cary, NC, USA). Natural log transformed signal measures were used as the response 
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variable. The fixed effect in the mixed linear model is the developmental stage; random 
effects are replications and interactions between developmental stages with replication. 
 
Lignin staining 
Siliques were fixed in formalin-acetic acid alcohol (FAA), processed and paraffin embedded 
as described by Ruzin (1999). Lignin analyses were conducted using the protocol of 
Liljegren et al. (2000). Cross sections were stained for 2 min in a 2% phloroglucinol solution 
in 95% ethanol. 
 
Quantitative, two-step RT-PCR 
A total of 50 ng of total RNA was reverse transcribed using the QuantiTect® Reverse 
Transcription kit (Qiagen). QuantiTect® Primer Assay kits (Qiagen) provided Arabidopsis 
gene-specific primers. The QuantiTect® SYBR Green PCR kit was used to perform reactions 
in an Mx3000P real-time PCR system (Stratagene, La Jolla, CA, USA). Three replications 
were conducted for each gene. 18S was used as the internal control. Relative fold-changes for 
each gene were calculated as per Livak and Schmittgen (2001). 
 
Photography of sectioned tissues 
A drop of 50% (v/v) hydrochloric acid was added to phloroglucinol-stained sections for the 
visualization of lignin-containing tissues under a light microscope (Olympus BX40; 
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Olympus, Tokyo, Japan). Images were taken with a digital camera (AxioCam MRC; Zeiss, 
Göttingen, Germany) equipped with software (Axiovision 3.0; Zeiss). Unstained mounted 
sections before and after laser capture microdissection were photographed using the PixCell 
II laser capture microdissection system. 
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Table 1 Differentially expressed genes with fold-changes >7 and detected P < 0.001 
 
Predicted functional 
class 
Array 
element Locus ID Predicted function 
(A) Genes downregulated in replums between 2 DAF and 5 DAF 
245325_at At4g14130 Glycoside hydrolase family 16, xyloglucan 
endotransglycosylase-related protein 
249500_at At5g39260 Alpha expansin 
248681_at At5g48900 Polysaccharide lyase family 1, pectate lyase family protein 
261363_at At1g41830 Multi-copper oxidase type I family protein, pectin esterase homology 
257878_at At3g17150 Invertase/pectin methylesterase inhibitor family protein 
250499_at At5g09730 Glycoside hydrolase family 3 protein, B-xylosidase-like protein 
Carbohydrate and cell-
wall metabolism 
246550_at At5g14920 Gibberellin-regulated protein; putative cell wall structural protein 
259391_s_at At1g06350 Fatty acid desaturase family Other cellular metabolism 
266425_at At2g41300 Strictosidine synthase family 
260141_at At1g66350 Gibberellin regulatory protein, RGL1 Signaling 
263913_at At2g36570 Leucine-rich repeat transmembrane protein kinase 
DNA Repair 257701_at At3g12710 Methyladenine glycosylase family protein 
250663_at At5g07110 Prenylated rab acceptor (PRA1) family protein 
261203_at At1g12845 Expressed protein 
259180_at At3g01680 Expressed protein 
Unknown function 
251886_at At3g54260 Expressed protein 
(B) Genes upregulated in replums between 2 DAF and 5 DAF 
246874_at At5g26120 Glycosyl hydrolase family protein 51, alpha-L-
arabinofuranosidase, endoglucanase 
264493_at At1g27440 Glycosyltransferase family 47, exostosin family protein, xyloglucan galactosyltransferase 
264565_at At1g05280 Glycosyltransferase family 31, fringe-related protein 
253379_at At4g33330 Glycosyltransferase family 8 
267317_at At2g34700 Pollen Ole e 1 allergen and extensin proteins, putative proline-rich glycoprotein 
259975_at At1g76470 Cinnamoyl CoA reductase 
258037_at At3g21230 4-coumarate-CoA ligase 
  Carbohydrate and cell-
wall metabolism 
267125_at At2g23580 Putative acetone-cyanohydrin lyase 
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Predicted functional 
class 
Array 
element Locus ID Predicted function 
251838_at At3g54940 Cysteine protease Other cellular metabolism 
257408_at At2g17310 F-box family protein, SON1, nim1-1 suppressor 
264495_at At1g27380 p21-rho-binding domain-containing protein Signaling 
259728_at At1g60970 Clathrin adaptor complex small chain family protein 
Transport and storage 
proteins 249548_at At5g38170 Seed storage/lipid transfer protein 
Electron transport 247888_at At5g57920 Plastocyanin-like domain-containing protein 
251892_at At3g54330 Ovule development protein 
259966_at At1g76500 DNA-binding family protein 
252327_at At3g48740 nodulin MtN3 family protein 
246273_at At4g36700 cupin family protein 
247522_at At5g61340  
252211_at At3g50220  
Unknown 
257761_at At3g23090  
 
 
Table 2 Developmentally regulated transcript accumulation in replums at 5 days after flowering (5 DAF) as 
quantitated by either real-time PCR or GeneChip signal intensity ratio 
Locus ID Gene name 
5 DAF/2 DAF expression 
ratio(real-time PCR) 
5 DAF/2 DAF signal intensity ratio 
(Affymetrix ATH1) 
At3g10340 PAL 24 11 
At3g21230 4-CL2 10 8.9 
At4g26220 CCoAOMT 11 11.6 
At1g76470 CCR 537 ND 
At1g09500 CAD 4 ND 
ND, not determined, as ATH1 signals at stage 2 DAF were called absent. 
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Table 3 GeneChip signal intensities and presence/absence call for replum transcripts at 2 DAF 
Fluorescent signal 
Gene name No. ESTs in dbEST 
Inferred abundance*  
(% mRNA) Locus ID Rep 1 Rep2 Rep3 
ACS1 0 – 246172_s_at 16.6 A 14.6 A 29.2 P 
ACS2 12 <0.002 259439_at 162.1 P 91.1 P 133.2 P 
ACS4 0 – 266830_at 33.8 A 32.0 A 26.6 A 
ACS5 2 <0.0005 247159_at 2.7 A 4.9 A 1.4 A 
ACS6 10 <0.002 254926_at 429.8 P 1300.3 P 398.7 P 
ACS7 6 <0.001 253999_at 12.5 A 26.6 A 2.8 A 
ACS8 3 <0.0005 253066_at 87.7 P 69.0 P 50.3 P 
ACS9 0 – 252279_at 5.5 A 1.2 A 2.4 A 
ACS11 0 – 255177_at 3.3 A 3.5 A 2.8 A 
*Inferred abundance, no. ESTs/dbEST population (622 966; 5 May 2006) × 100 
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Figure1. Laser capture microdissection (LCM) of ovule and replum cells. 
(a) Ovules before LCM and (b) after LCM. Silique cross-sections 2 days after flowering 
(2 DAF) before LCM (c) and after LCM (d) of replums. 
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Figure 2. Representative examples of RNA quality from mounted and unmounted paraffin 
sections. (a) Fluorescence profile and (a') gel-like image of total RNA from laser-captured 
cells mounted on slides using conventional methods. (b, b')  Total RNA from paraffin-
embedded tissue sections prior to mounting onto slides. (c, c') RNA ladder. 
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Figure 3. Qualitative assessment of RNA integrity from cells laser-captured from paraffin 
sections transferred to slides with tape. (a) Fluorescence profile and (a') gel-like image of 
total RNA from laser-captured ovules. (b, b') Total RNA from replums. (c, c') Total RNA 
from stamen abscission zones. 
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Figure 4. Scatter plots of microarray signal intensities. Relative gene expression was 
established in siliques at (a) 2 days after flowering (2 DAF) and (b) 5 DAF. (c) 
Reproducibility of RNA amplifications at 2 DAF with either one or twofold quantities of 
input RNA from a common source. (d) Reproducibility of amplifications from two 
independent biological replications. (e) Comparison of signal intensities between 2 DAF and 
5 DAF. Signals in red were called present at both stages. Signals in yellow were called either 
absent or marginal at both stages. Signals in blue were present at one stage but were either 
absent or marginal in the other. Signals differing by less than twofold and/or sevenfold are 
bracketed.  
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Figure 5. Differentially expressed lignin biosynthetic genes during replum development. 
PAL, phenylalanine ammonia lyase; 4-CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA 
reductase; CAD, cinnamyl-alcohol dehydrogenase; COMT, caffeic acid/5-hydroxyferulic 
acid O-methyltransferase; CCoAOMT, caffeoyl-CoA O-methyltransferase; F5H, ferulate-5-
hydroxylase. Each enzyme in a gray box had either one or more gene family members whose 
mRNA accumulated to a level of either sevenfold or higher at 5 days after flowering (5 DAF) 
compared with the level at 2 DAF. 
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CHAPTER III: TRANSCRIPTIONAL PROFILING OF LASER-MICRODISSECTED 
STAMEN ABSCISSION ZONES IN ARABIDOPSIS 
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ABSTRACT  
Organ detachment requires cell separation within abscission zones (AZs).  Physiological 
studies have established that ethylene and auxin contribute to cell separation control.  Genetic 
analyses of abscission mutants have defined ethylene-independent detachment regulators. 
Functional genomic strategies leading to global understandings of abscission have awaited 
methods for isolating AZ cells of low abundance and very small size. Here, we couple laser 
capture microdissection of Arabidopsis thaliana stamen AZs and GeneChip profiling to 
reveal the AZ transcriptome responding to a developmental shedding cue.  Analyses focus on 
554 AZ genes (AZ554) regulated at the highest statistical significance (p-value <=0.0001) 
over five floral stages linking pre-pollination to stamen shed. AZ554 include mediators of 
ethylene and auxin signaling as well as receptor-like kinases and extracellular ligands 
thought to act independent of ethylene.  We hypothesized that novel abscission regulators 
might reside in disproportionately represented Gene Ontology functional categories for cell 
wall modifying proteins, extracellular regulators and nuclear-residing transcription factors.  
Promoter-GUS expression of one transcription factor candidate, Zinc Finger Protein 2 
(AtZFP2), was elevated in stamen, petal and sepal AZs.  Flower parts of transgenic lines 
overexpressing AtZFP2 exhibited asynchronous and delayed abscission. Abscission defects 
were accompanied by altered floral morphology limiting pollination and fertility. Hand-
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pollination partially restored transgenic fruit development but not the rapid abscission seen in 
wildtype plants, demonstrating that pollination does not assure normal rates of detachment.  
In wildtype stamen AZs, AtZFP2 is significantly upregulated post-anthesis.  Phenotype data 
from transgene overexpression studies suggest that AtZFP2 might regulate abscission. 
 
INTRODUCTION 
Abscission zones (AZs) are tiers of small, densely cytoplasmic cells located at sites of organ 
detachment (Sexton et al., 1985).  Within AZs reside one or more cell layers that separate in 
response to developmental or environmental cues. Shed is typically preceded by AZ cellular 
rounding coupled with differential enlargement on opposing sides of the future fracture plane 
(Morre, 1968; Sexton et al., 1985). Accompanying cell enlargement is the activation of 
multiple pectin and hemicellulose-modifying proteins that modify primary wall structure and 
reduce adhesion between AZ cells (del Campillo, 1999; Roberts et al., 2002).  Accumulation 
of pathogenesis-related (PR) proteins limits invasion of pathogens into the proximal AZ face 
until wound sealing is complete (Roberts et al., 2000).  Waxy protection layers finally form 
across the fracture plane.  
Functional analyses of abscission-impaired mutants have identified genes that control 
abscission competence from the time AZ cells differentiate through the time they separate. 
Lateral suppressor (Ls) encodes a regulatory VHIID protein (Schumacher et al., 1999) 
required for tomato pedicel AZ development (Malayer and Guard, 1964).  JOINTLESS (J) 
encodes a MADS-box protein (Mao et al., 2000) required for AZ differentiation. Lesions in 
AZ formation in both ls and jointless mutants are restricted to flower and fruit pedicels; 
functional AZs are present in leaves and other organs (Butler, 1936; Malayer and Guard, 
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1964). Thus, AZ differentiation differs between organs.  Differentiation must be complete 
before a plant is competent to respond to abscission signals (Osborne and Sargent, 1976).  
While positional and biochemical differentiation may occur early in organogenesis (Kendall, 
1918; Osborne and Sargent, 1976; McManus and Osborne, 1990, 1991), morphological 
features defining AZs may not be visible. In cotton, clear AZ structure is not present until 
before shedding, when further AZ cell division may occur (Leinweber and Hall, 1959; 
Bornman et al., 1967).  In Arabidopsis and tomato, clear morphological features define AZs 
long before abscission.   
Increased ethylene production is a common feature of organs abscising post-
pollination (Evensen, 1991) or due to aging (Morgan et al., 1992) or stress (McMichael et al., 
1972). Once considered a fundamental abscission signal (Jackson and Osborne, 1970), 
ethylene is now considered a general abscission accelerator (Bleecker and Patterson, 1997; 
Patterson, 2001). Supporting this view are observations that ethylene-insensitive etr1-1 
(Bleecker et al., 1998) and ein2 mutants (Guzman and Ecker, 1990) exhibit delayed 
abscission but eventually abscise (Patterson and Bleecker, 2004).  In contrast, Fernandez et 
al. (2000) and Patterson and Bleecker (2004) describe ethylene sensitive mutants in which 
abscission is delayed considerably longer.  At present, mechanisms by which ethylene 
independent pathways contribute to abscission are poorly understood.   
Many questions remain about abscission signaling.  What is the primary abscission 
cue or cues? What regulators exert earliest control over signal perception and response? Why 
do some organs abscise in response to a given stimulus while others are not?  What genes 
control ethylene-dependent and independent pathways and how do pathways interact? 
Functional genomic approaches to addressing these questions have been hindered by the 
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inability to obtain pure populations of AZ cells. Recently, we optimized laser-capture 
microdissection (LCM) methodologies to harvest highly enriched populations of specialized 
cells (Cai and Lashbrook, 2006).  Here, we apply LCM to investigate the AZ transcriptome. 
Dynamic changes in global gene expression were observed in AZs of Arabidopsis stamens 
progressing from pre-pollination to organ shedding. Functional analyses of one AZ-
upregulated gene, Zinc Finger Protein 2 (AtZFP2), provide evidence that this transcription 
factor is a negative abscission regulator. 
 
RESULTS AND DISCUSSION  
Laser Capture Microdissection Facilitates AZ Transcriptome Profiling  
Arabidopsis stamens, sepals and petals abscise post-pollination.  In Figure 1A, scanning 
electron microscopy shows floral AZ scars remaining after organ detachment. We chose 
stamens for genomic studies because there are six stamens instead of four petals or sepals.  
This elevates the relative incidence of AZs in sectioned tissue and reduces the time required 
for LCM. Whole flowers corresponding to five developmental stages starting from pre-
pollination to the onset of organ shed were fixed, paraffin-embedded and prepared for LCM 
(Cai and Lashbrook, 2006).  Figure 1 depicts stamen AZ cells before (Fig. 1B) and after 
LCM (Fig. 1C).  Microdissected AZs included cells from the vascular bundle that passes 
through all abscission layers. We previously reported that ~10,000 floral organ AZ cells could 
be captured in ~1 day with RNA yield per laser-captured cell ~10-15 pg (Cai and Lashbrook, 
2006). Total RNA served as template for preparing GeneChip hybridization targets (Cai and 
Lashbrook, 2006). 
Figure 2A depicts developmental stages of flowers from which AZs were captured.  
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Stage numbers are those of Smyth et al. (1990).  Anthesis occurs at Stage 13.  Stage 15 was 
divided into three substages as defined in MATERIALS AND METHODS.  Stage 16 tissue 
was not used for embedding and LCM because floral organs detached at their AZs during 
early fixation steps. In Figure 2B, SEMs visualize the parental sides of AZ fracture planes 
after stamen removal or shed.  The rounding of AZ cells observed at or after cell separation 
was described by Patterson and Bleecker (2004).  In our studies, cellular rounding is first 
evident on outermost AZ margins at Stage 15c.  Cell separation is essentially complete at 
Stage 16, when all AZ cells are rounded and organs detach when lightly touched.  
 
Probe Set Signals Regulated at the Highest Level of Statistical Significance Define a 
554-Member Slice of the AZ Transcriptome  
ATH1 GeneChips contain probe sets representing ~24,000 genes of the Arabidopsis genome.   
Replicated hybridizations of biotin-labeled aRNAs from AZs at Stages 12-15c revealed 
statistically significant changes in probe set signal intensities corresponding to many AZ 
transcripts.  We restricted preliminary analyses to a manageable number of genes whose 
expression could provide a first glimpse of regulatory processes leading to cell separation.  
Restricting attention to the most significantly regulated probe sets (p-values of 0.0001 or 
less) generated a set of 554 transcripts (AZ554) representing the Arabidopsis stamen 
abscission zone transcriptome. A ~ 0.2% false discovery rate was determined using the 
method of Storey and Tibshirani (2003).  A complete list of AZ554 genes is in Supplemental 
Table 1 (Table S1).  Quantitative real-time PCR (Q-PCR) validated microarray expression 
data. Supplemental Figure 1 (Fig. S1) depicts expression patterns of a subset of transcripts. 
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Both Q-PCR and microarray data showed similar trends in steady state transcript levels of 
three gibberellin-related genes shown in Figure S1 and discussed later in the text.   
Functional categorization of AZ554 using Gene Ontology Consortium (GO) tools 
(Berardini et al., 2004) on the Arabidopsis Information Resource website 
(http://www.arabidopsis.org) permitted comparisons between predicted functions of AZ 
transcripts and all Arabidopsis transcripts represented on the ATH1 GeneChip (Table I).  
Functional classification by GO cellular component showed that the cell wall and 
extracellular matrix were represented in AZs at levels exceeding those in ATH1 by ~ three to 
4-fold. The nucleus was overrepresented in AZs at levels exceeding that of ATH1 by 1.6-fold 
(Table I).  Consistent with AZ cellular component data was the over-representation of GO 
categories representing molecular function (Table I).  Transcription factor activities within 
the AZ554 exceeded that of ATH1 by almost 2-fold.  Collectively, GO cellular component and 
molecular function data are consistent with known contributions of transcription factors and 
cell wall modifying proteins to abscission competence and cell wall disassembly, 
respectively (Mao et al., 2000; Roberts et al., 2002).  As discussed later, extracellular matrix 
regulators of abscission include the ligand encoded by inflorescence deficient in abscission 
(IDA), an essential regulator of sepal, petal and stamen detachment (Butenko et al., 2003). 
 
Expression Patterns of 554 AZ Genes Can be Assigned to Eight Clusters with Both 
Distinct and Overlapping Functions  
The AZ554 set was classified into eight clusters based on patterns of transcript accumulation 
(Fig. 3).  Clusters 1-3 represent up-regulated genes; clusters 5-7 contain down-regulated 
genes and the remaining two clusters represent genes that are both up- and down-regulated. 
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Transcripts are annotated in Table S1.  Six clusters contained at least one transcript known to 
participate in cell separation during abscission or dehiscence (Fig. 4). Transgenic lines with 
strong expression of anti-sense HAESA in Custer 1 (Fig. 4) fail to shed flower parts (Jinn et 
al., 2000).  Arabidopsis mutants unable to express Cluster 2’s IDA gene (Fig. 4) are also 
abscission-incompetent (Butenko et al., 2003). mRNA for Cluster 3’s AtEXT4 extensin, 
previously termed EXT1, accumulates in floral abscission zones and is induced by multiple 
hormones elsewhere (Merkouropoulos and Shirsat, 2003). Abscission is delayed in plants 
with suppressed expression of Cluster 5’s ARF2 (Ellis et al., 2005). ARF2 controls auxin 
signaling (Ellis et al., 2005) and ethylene synthesis is altered in arf2 mutants (Okushima et 
al., 2005).  Myb 21 gene expression (Cluster 6) is required for male fertility; knockout 
mutants exhibit delayed anther dehiscence (Mandaokar et al., 2006). ALCATRAZ (Cluster 7) 
is required for cell separation during silique dehiscence (Rajani and Sundaresan, 2001). 
Collectively, data of Figure 4 demonstrate that AZ554 includes genes that were previously 
shown to plat role in cell separation. Thus, selected AZ gene set is expected to contain novel 
genes for abscission zone formation and separation of cell layers in Arabidopsis. 
In Table I, GO functional categories for AZ554 transcripts were compared with 
Arabidopsis genome transcripts on the ATH1 GeneChip.  We similarly wished to establish if 
certain functions were over-represented in one or more of the eight clusters of Figure 3.  
Many genes controlling common functions are similarly expressed and clustered genes might 
contribute to discrete molecular or biochemical processes needed for abscission.  In Table II, 
GO functional categorization of clusters reveals general trends.  First, processes occurring in 
cell walls are overrepresented in clusters with up-regulated transcripts, consistent with known 
de-novo synthesis of wall modifying proteins during abscission (Taylor and Whitelaw, 2001; 
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Roberts et al., 2002). Overrepresented transcripts in both up- and down-regulated clusters are 
nuclear functions involving transcription factors and nucleotide binding proteins, and 
transport functions (Table II). 
 
Potential Functions of Up-Regulated Gene Clusters 
Upregulated Cluster 1 genes encode transcriptional modulators, receptor-like kinases, cell 
wall modifying proteins and regulators of hormone biosynthesis, action and transport. Cluster 
1 transcripts increase in abundance between Stages 12 and 15a and remain at high levels as 
abscission commences near Stages 15b-c (Fig. 3). GO-annotated genes within Cluster 1 are 
assigned to the nuclear compartment at rates surpassing those for other transcripts 
represented on the ATH1 GeneChip (Table II).  ~18% of Cluster 1 mRNAs are assigned to a 
nuclear site versus 7.6% of ATH1 Arabidopsis genes and ~12% of AZ554 (data not shown).  
Myb transcription factors are well represented. Supplemental Table 2 (Table S2) reveals 
transcript fold-changes between stages for a subset of AZ554 genes including Myb factors.  
Upregulated genes include AtMybs 4, 14, 45, 62 and 75 (Table S2). All of these Mybs are 
modulated to some extent by sucrose and nitrogen status with AtMyb14 also weakly 
regulated by auxin (Kranz et al., 1998).  AtMyb 4 and AtMyb75 gene products act as 
negative and positive transcriptional regulators, respectively, of phenylpropanoid 
biosynthesis (Borevitz et al., 2000; Jin et al., 2000; Rose et al., 2002). GO molecular function 
comparisons of Cluster 1 transcripts show that transcription factor activities as well as 
activities for DNA, RNA or nucleotide binding are over-represented (Table II).  Upregulated 
genes in Table S2 include receptor-like kinases (RLKs) that translate extracellular signals 
into cellular responses (Becraft, 2002).   AZ554 RLKs present in annotations of Shiu and 
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Bleecker (2001) include HAESA (HAE; At4g28490), HAESA-LIKE 2 (HSL-2; At5g65710), 
FLAGELLIN-SENSITIVE 2 (At5g46330) and others (At1g09970, At3g14840, At5g59010).  
HAESA coordinates ethylene-independent steps of Arabidopsis abscission (Jinn et al., 2000).  
Jinn et al. (2000) reported that antisense inhibition of HAESA prevented abscission of 
stamens, sepals and petals although AZs were differentiated and appeared structurally normal.  
Developmental upregulation of HAESA at Stage 12 (Table S2) precedes first visible signs of 
cell separation at Stage 15c (Fig. 2B) by several stages. HAESA is therefore very early 
contributor to abscission competence.  
HAESA mediates steps within an ethylene independent abscission pathway (Jinn et 
al., 2000).  Ethylene likely controls the rate of a separate abscission pathway that could 
communicate with components of the HAESA route (Butenko et al., 2006).  Our data suggest 
that both ethylene dependent and independent pathways are operational after Stage 12 (Table 
S2).  Components of the former include ethylene response factors (ERFs) 003 and 072 
(At3g16770, At5g25190) and an ethylene insensitive 3 (EIN3)-binding protein (At5g25350) 
that contributes to SCF-dependent ubiquitination and degradation.  Modulated ethylene 
action is accompanied by induction of multiple auxin responsive genes and accumulation of 
the PIN4 auxin efflux transcript (At2g01420).  BR6OX2 (At3g30180) mediates the last step 
of brassinolide synthesis. It is upregulated as is the BR-enhanced target BEE3 (At1g73830) 
and GA-regulated GASA5 (At3g02885; Fig. S1).  Thus, expression of RLKs like HAESA 
takes place in a complex backdrop of hormone signaling.  
Abscission rate is partially controlled by cell wall modifying proteins (Lashbrook et 
al., 1998; Brummell et al., 1999).  Almost 5% of transcripts in Cluster 1 are assigned cell 
wall-localization by GO analysis in contrast to almost 1% of all Arabidopsis genes (data not 
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shown). Regulated wall transcripts in Tables S1 and S2 include At-XTH28 (At1g14720), one 
member of the complex endotransglucosylase/hydrolase (XTH) gene family (Becnel et al., 
2006).  In current cell wall structural models, xyloglucans coat cellulosic microfibrils and 
tether microfibril neighbors (Hayashi, 1989; Carpita and Gibeaut, 1993).  XTHs have one or 
both of two activities that can loosen cell walls during growth or strengthen them during 
assembly (Thompson and Fry, 1997, 2001; Rose et al., 2002).  Similarly, Cluster 1 transcripts 
include multiple peroxidases including PER21 (At2g37130), PER30 (At3g21770), and 
PER33 and/or PER34 (At3g49120 and/or At3g49110).  Peroxidases, like XTHs, may loosen 
or stiffen cell walls in different cellular contexts (Passardi et al., 2005). In roots, PER34 
increases root length (Passardi et al., 2005), presumably via cell wall loosening.  
 
Upregulated Cluster 2 transcripts encode proteins with roles in pectin modification, 
hormone synthesis and degradation, receptor binding and signal transduction. The 
onset of Cluster 2 transcript accumulation at Stage 13 follows that of Cluster 1 by one stage 
(Fig. 3).  Cluster 2 transcript levels rise throughout all stages assayed whereas Cluster 1 
mRNA abundance stabilizes after Stage 15a (Fig. 3).  Cluster 2 is enriched in transcripts with 
likely roles in cell wall structural modification (Table II). Regulated cell wall genes encode 
two glycosyl hydrolases with structural similarities to endo-ß-1,3-glucanases (At4g18340) 
and endo-ß-1,4-glucanases (At2g32990).  However, most upregulated cell wall genes encode 
pectolytic enzymes, including 3 pectin methylesterases (At2g45220, At2g47550, and 
At4g02330), 2 polygalacturonases (At2g43890, At3g07970), 1 pectate lyase-like protein 
(At3g27400) and a member of the invertase/pectinmethylesterase inhibitor (PMEi) family 
(At3g47380).  Pectin methylesterases (PMEs) deesterify pectin to establish structurally and 
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functionally distinct pectin classes (Ridley et al., 2001; Willats et al., 2001) and interact 
cooperatively with polygalacturonase (PG) to regulate homogalacturonan disassembly 
(Lashbrook, 2005).  PMEis regulate PMEs at the transcriptional and/or posttranslational 
levels.  Pectate lyases, like PG, prefer homogalacturonan substrate de-esterified by PMEs, 
suggesting that Cluster 2 transcripts have the potential to act cooperatively. The 
preponderance of pectin-modifying proteins is consistent with known roles for pectin 
disassembly in reducing intercellular adhesion between AZ cells (Roberts et al., 2002). 
IDA (At1g68765) encodes a 77 amino acid ligand secreted into the extracellular 
matrix (Butenko et al., 2003). ida knockout mutants possess AZs of apparent normal structure 
but fail to abscise floral organs (Butenko et al., 2003).  Lines overexpressing IDA exhibit 
ectopic abscission of non-floral organs along with normal organ shed (Stenvik et al., 2006). 
These data initially suggested that IDA was a component of an ethylene-independent 
pathway (Butenko et al., 2003), although subsequent studies showed ethylene might affect 
spatial distribution of IDA gene expression (Butenko et al., 2006).    In fact, stimulation of 
IDA signaling in floral AZs may occur in a more complex hormonal background.  Controllers 
of AZ hormone response may include ERF 086 (At5g18560) and BRS1 (At4g30610), a 
suppressor of the brassinosteroid receptor BRI1.  Upregulated transcripts of hormone 
biosynthesis include anthranilate synthase (At5g05730), which encodes the enzyme 
catalyzing the first committed step of tryptophan biosynthesis and hence potential auxin 
production. GA2 oxidase 2 expression (At1g30040; Fig. S1) leads to GA catabolism via 2-ß-
hydroxylation (Thomas et al., 1999).  OPR1 (At1g76680) and/or OPR2 (At1g76690), 
homologs of the OPR3 jasmonate synthesis gene, are also upregulated. The ATH1 Genechip 
cannot distinguish between OPR1 and OPR2, but promoter-GUS studies suggest that 
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upregulated AZ activity is OPR1 (Biesgen and Weiler, 1999). OPR1 and OPR2 are 
considered unrelated to JA production (Schaller et al., 1998)  because they act on 
steroisomeric forms of OPDA substrate unsuitable for JA biosynthesis (Schaller and Weiler, 
1997; Schaller et al., 2000).  
 
Likely functions of Cluster 3 and 4 genes overlap with those of Clusters 1 and 2. 
Transcript accumulation in Clusters 3 and 4 is initiated at Stages 13 and 12, respectively (Fig. 
3).  mRNA abundance in Cluster 3 continues to rise until organ detachment whereas that in 
Cluster 4 declines in abundance before cell separation (Fig. 3).  Multiple upregulated Myb 
factors complement those of other clusters, including Mybs 2, 17, 37, 49, 68, 74, 116 and a 
Myb-like factor (Table S2).  Myb17 and Myb68 are regulated by nitrogen and sugar status 
(Kranz et al., 1998). Nutrient recycling precedes abscission, and transporter activity in AZ554 
and Cluster 4 exceeds that found in the whole genome (Tables I, II).  Transporters that might 
remove nutrients from senescing or detaching organs are exemplified by Cluster 3’s sugar 
alcohol permease homolog, AtPLT5 (At3g18830). Strong up-regulation of AtPLT5 in floral 
AZs is consistent with previous reports suggesting a role in the re-uptake of sugars released 
by polysaccharide degrading enzymes (Reinders et al., 2005).  
Multiple regulated genes in Clusters 3 and 4 control hormone signal transduction and 
cell wall structure. They include ERF043 (At4g32800), ERF092 (At3g23240) and ERF113 
(At5g13330).  Expression of ERF092, formerly termed ERF1, is induced by JA and ethylene 
in defense gene systems (Lorenzo et al., 2003).  A potential hormone-regulated target during 
abscission is ethylene-responsive protein 33-like (At1g05710). Modulation of ethylene 
sensitivity is accompanied by activation of auxin-responsive proteins (At3g60690, 
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At5g35735).  Upregulation of a BRI1 receptor homolog (At3g13380) is consistent with the 
upregulation in Cluster 1 of the BRS1 component of early BR signaling (Li et al., 2001).  
Like HAE, BRI1 encodes a leucine rich repeat receptor-like kinase (Friedrichsen et al., 2000) 
and its induction in AZ554 suggests that RLK signaling is central to cell separation control.  
Expression data for two additional RLKs in Cluster 4 are listed in Table S2.  
GO cellular component analysis suggests that the cell wall is an over-represented site 
of Cluster 3 gene expression (Table II).  Cell wall modifying protein candidates (Table S2) 
are At-XTH12 (At5g57530) and At-Extensin 4 (At1g76930).  Another XTH, XTH7 
(At4g37800) is upregulated in Cluster 4 (Table S2).  As noted earlier, XTHs can strengthen 
or loosen cell walls  (Thompson and Fry, 2001; Rose et al., 2002).  Extensins are insoluble 
proteins that increase cell wall strength.  Merkouropoulos and Shirsat (2003) detected the 
expression of AtEXT4 within floral organ AZs.  AtEXT4 overexpression increases the 
thickness of Arabidopsis inflorescences (Roberts and Shirsat, 2006).  A plethora of regulated 
Cluster 3 peroxidases (Tables S1 and S2) may also contribute to cell wall modifications.  The 
inclusion of potential cell wall strengthening proteins in Cluster 3 could suggest a role for 
wall reinforcement during net disassembly. 
 
Potential Functions of Downregulated Gene Clusters 
Selected Myb factors and regulators of hormone response and cell wall structure are 
downregulated in Clusters 5 and 6. Positive regulation of cell wall extensibility is 
counterbalanced by reduced expression of other genes.  Several cellulose synthase (CESA) 
and synthase-like (CSLA) genes are downregulated in Cluster 5 (Table S2). Some members 
of the CSLA gene family encode ß-1,4-mannan and glucomannan synthases (Liepman et al., 
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2005).  Hamann et al. (2004) postulated that individual CSLAs might exert tissue-specific 
roles given their low expression in whole organs; AtCSLA10, a Cluster 5 gene, exhibited 
enhanced expression in flowers. Transcripts for expansin-like protein AtEXLA2 and 
expansin AtEXPA8 (At4g38400, At2g40610) decline in AZs at Stages 12 and 13, respectively.  
Expansins regulate cell wall extensibility via pH-dependent, non-enzymic means; this may 
involve interfering with hydrogen bonding of hemicelluloses and cellulose to convert wall 
tension to polymer creep (Cosgrove et al., 2002).  Our data would not suggest an obvious 
role for AtEXPA8 or AtEXLA2 in regulating cell separation during Stage 15. However, 
elevated EXP or EXP-like expression between Stages 12 and 13 could facilitate subsequent 
entry of pectolytic enzymes into the cell wall matrix.  Maximal EXP/EXP-like expression 
between Stages 12 and 13 is accompanied by previously mentioned upregulation of multiple 
genes encoding pectolytic enzymes.  Reduced expression of expansin genes thereafter is 
accompanied by a reduction in mRNA abundance for a number of PG, PME and PMEi genes 
(Table S2, Clusters 5 and 6), as well as XTH4 (At2g06850). 
GO categorization assigns Cluster 6 transcripts to the nucleus more often than it 
assigns all transcripts represented on the ATH1 GeneChip (Table II).  Just as multiple Myb 
genes were upregulated elsewhere, many Mybs are downregulated in Cluster 6 (Table S2).  
These include AtMybs 6, 21, 39 and 57.  Myb 21 is expressed in flower buds (Kranz et al., 
1998) and in stamens where it is JA responsive (Mandaokar et al., 2006).  Myb6, first 
characterized by (Li and Parish, 1995) is weakly responsive to ethylene, ABA and IAA 
(Kranz et al., 1998).  Other transcription factors in this cluster (Table S1) include agamous 
(At4g18960) and an agamous-activated regulator of GA biosynthesis (At4g32980).  
Supporting a role for enhanced GA response post-pollination is downregulation of the RGL1 
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(Fig. S1) and RGL2 negative regulators of GA response.  Both of these DELLA proteins 
normally restrain cellular expansion.  It would be interesting to determine if derepression of 
RGL targets potentiates AZ cell expansion. 
 
Cluster 7 contains multiple downregulated genes of JA biosynthesis. Cluster 7 transcripts 
exhibit steep declines in abundance after Stage 12 (Fig. 3). A hallmark of such gene 
expression is the coordinate downregulation of JA biosynthesis. JA synthesis requires 
sequential action of lipoxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase 
(AOC) and OPR3 (Delker et al., 2006).  JA can be converted to volatile methyl jasmonate 
(MeJA) by JA carboxyl methyltransferase (At1g19640; Seo et al., 2001). Downregulation of 
at least one enzyme from each of these steps occurs prior to abscission.  Downregulated 
genes in AZ554 include LOX-3 and LOX3-like lipoxygenases (At1g17420, At1g72520), AOS 
(At5g42650), and AOC1 (At3g25760).  Transcripts for OPR3 (At2g06050) and JA carboxyl 
methyltransferase (At1g19640) were not represented in AZ554 restricted by p-value. High JA 
biosynthetic gene expression at Stage 12 likely attests to requirements for JA in anther 
filament elongation, anther dehiscence and pollen viability (Sanders et al., 2000; Stintzi and 
Browse, 2000). 
Downregulation of JA biosynthesis was unexpected in that both JA and MeJA 
promote abscission when applied externally (Ueda et al., 1996; Miyamoto et al., 1997; 
Hartmond et al., 2000).  In citrus, external application of MeJA or the structural and 
functional JA analog coronatine likely induces abscission by stimulating levels of ethylene 
(Hartmond et al., 2000; Burns et al., 2003). In bean, no ethylene production was evident 
following JA or MeJA-induced abscission (Ueda et al., 1996) although JA significantly 
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promotes senescence (Ueda and Kato, 1982; Ueda et al., 1991).  In Arabidopsis, exogenous 
JA also elicits premature senescence (He et al., 2002).  Senescence may promote abscission 
by lowering auxin and/or inducing ethylene. Our results in Arabidopsis do not suggest an 
obvious direct role for JA or MeJA biosynthesis in controlling cell separation.  Of note, 
reduction of JA levels after Stage 13 is accompanied by apparent loss of JA responsiveness.  
Coronatine-responsive protein (At1g19670) is one downregulated example.  If jasmonates 
positively modulate abscission it is likely that they act indirectly or, like HAESA, act very 
early in the abscission pathway. However, constitutive expression of the sole allene oxide 
synthase gene in Arabidopsis did not lead to precocious floral organ abscission in studies of 
Kubigsteltig and Weiler (2003).  There, floral parts of the cas AOS over-expresser persisted 
along much of the inflorescence. Wild type Arabidopsis plants typically retain flowers only 
at uppermost positions.   
 
Cluster 8 gene expression declines post-pollination but is restored to near-original levels 
prior to cell separation.  Cluster 8 contains only 25 transcripts, and thus represents less than 
5% of AZ554.  mRNAs decline in abundance between Stages 12-15a but are upregulated to 
near-original levels by the time of cell separation (Fig. 3).  GO analysis reveals cluster 
transporter activities are overrepresented relative to all ATH1 GeneChip transcripts (Table II). 
Electron transport proteins represent a subset of transporters; others shuttle one or more ions 
(e.g. H+, Na+, K+, phosphate) or nucleotides (e.g. GTP), or nucleotide sugars (e.g. UDP-
Gal).  Resumption of Cluster 8 transcript accumulation before cell separation may be 
necessary for energy generation, transmembrane trafficking and/or maintenance of ionic 
homeostasis. The production of UDP-xylose by the UXS3 isoform of UDP-glucuronic acid 
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decarboxylase (At5g59290) could conceivably regulate cell wall synthesis late in abscission 
to temper cell wall disassembly. UDP-glucuronic acid decarboxylases generate substrate for 
making cell wall material and regulate biosynthetic enzymes through feedback mechanisms 
(Harper and Bar-Peled, 2002). 
 
Functional Analyses Reveal a Likely Role of AtZFP2, a Zinc-Finger Protein, in 
Developmental Abscission Control 
Figure 4 showed that AZ554 contains multiple expressed genes shown by previous reverse 
and forward genetic strategies to be essential for abscission.  Their presence imparted 
confidence that AZ554 would contain other transcripts of unknown and potentially novel roles 
in cell separation.  We hypothesized that likely sources of novel abscission genes would 
include the disproportionately represented Gene Ontology functional categories for cell wall 
modifying proteins, extracellular regulators and transcription factors (Table I). A subset of 
AZ554 transcripts was considered for potential functional analyses; one such target was Zinc 
Finger Protein 2 (AtZFP2; At5g57520). 
Zinc finger proteins (ZFPs) regulate many developmental and stress responses 
(Takatsuji, 1998, 1999).  At least 33 Arabidopsis ZFPs contain only one zinc-finger domain 
(Tague and Goodman, 1995; Englbrecht et al., 2004). Twenty-eight members of this so-
called C1-l1 class of ZFPs (Englbrecht et al., 2004) share a conserved QALGGH sequence 
within a putative DNA-contacting surface and a C-terminal leucine-rich sequence (Tague and 
Goodman, 1995; Takatsuji, 1998, 1999; Englbrecht et al., 2004). However, sequence 
alignments show low similarity elsewhere.  Thus, ZFPs may carry out both distinct and 
overlapping functions.   AtZFP2 is a single copy, single zinc finger domain gene (Tague and 
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Goodman, 1995).  Our transcriptional profiling revealed that AtZFP2 was up-regulated in 
Cluster 3 of AZ554 (Table S1).  Promoter-GUS assays revealed enhanced AtZFP2::GUS 
transgene expression in open flowers (Fig. 5A) and in floral abscission zone scars after organ 
shed (Fig. 5B).  Reporter gene expression persisted in AZ scars late into silique maturation 
(Fig. 5C). The presence of strong expression in AZs validated AtZFP2 transcript 
accumulation patterns in microarrays and suggested a potential contribution of AtZFP2 to 
abscission. However, it is evident that AtZFP2 gene product has the potential to participates 
in non abscission-related processes as well (Figs. 5D-I). Promoter: GUS assays show that 
sites of AtZFP2::GUS transgene expression include stamens and carpels (Figs. 5D, E), 
cotyledons and major veins of rosette leaves (Fig. 5F) and trichomes, of inflorescence leaves 
(Figs. 5G, H) and stems  (Figs. 5G, I). 
As the first step towards testing AtZFP2’s potential role in floral organ abscission, we 
constitutively expressed a 35S::AtZFP2 transgene in Arabidopsis.  Ninety-five hygromycin 
resistant T1 plant lines were transplanted; almost half of these lines subsequently showed 
distinct phenotypes relative to wildtype controls. To analyze potential AtZFP2 functions, 
transgenic phenotypes were visually classified into three types: mild, strong and severe.  
Severity of phenotype increased with transcript level (data not shown).  In all types, stamen 
filaments appeared shorter than in wildtype plants (data not shown) and plants were sterile.  
Other phenotypic changes observed in transgenic flowers are depicted in Supplemental 
Figure 2 (Fig. S2). Floral phenotypes included curving of carpels, greening of petals and 
increases in trichome number (Fig. S2).  Of special interest, transgenic lines were defective 
in abscission, with abscission delays accentuated in plant exhibiting strong and severe 
pleiotropic phenotypes.  In Figure 6, floral organ retention is compared between wildtype 
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plants (Fig. 6A) and transgenic lines with mild (Fig. 6B), strong (Figs. 6C, E) and severe 
phenotypes (Fig. 6D). Because transgenic flowers do not open and have other defects, 
staging them using standard morphological features was not feasible. Instead, abscission was 
monitored as a function of inflorescence position. In wildtype plants, the flower stage at 
which white petals are first visible has been defined as Position 1 and developmentally older 
flowers have increased position numbers (Patterson and Bleecker, 2004).   In Figure 2, 
Position 1 in wildtype plants would correspond to Stage 13:  anthesis.  AtZFP2 transgenic 
flowers that fail to open cannot, by definition, undergo anthesis.  Therefore, we noted the 
number of floral buds present when abscission first occurred, not including the tight cluster 
of young flowers at the top of the inflorescence. Wildtype plants usually abscise parts 2-3 
days after anthesis and, at that time, retain 4-6 intact flowers at uppermost positions (Fig. 
6A).  In contrast, abscission in transgenic 35S::AtZFP2 plants with mild phenotypes is 
delayed by several positions (Fig. 6B).  In strong phenotype transgenic plants, organ 
retention is very prolonged (Figs. 6C, E).  Over 40 closed buds are present on the ‘strong’ 
inflorescence depicted in Figure 6E.  The extremely slow inflorescence elongation rates of 
severe phenotype plants like that in Figure 6D limited the number of flowers on the 
inflorescence and all flower parts remained green for 3-4 weeks.  
Figure 6F-I depicts reproductive organs from the inflorescences shown in panels 6A-D, 
respectively.  About 30 days post-anthesis, wildtype floral organs are long gone and the 
silique has elongated, browned and initiated dehiscence (Fig. 6F). At this time, all floral 
organs have also detached from plants with mild 35S::AtZFP2 phenotypes and mature 
siliques have initiated dehiscence (Fig. 6G). In contrast, retention of multiple floral organs is 
marked in plants with strong and severe transgene phenotypes (Figs. 6 H, I, respectively).   
 60 
 
In wildtype Arabidopsis, developmental abscission follows pollination and fertilization.  
We wished to establish whether 35S::AtZFP2 abscission delays could be due to impairment 
of these functions, particularly because the short stamen filaments of transgenic plants (data 
not shown) would be expected to limit effective pollination.  Pollen grains from wildtype 
flowers were used to pollinate 35S::AtZFP2 stigma;  results are shown in Figure 6J-L. Four 
days after pollination, the mild phenotype plant in Figure 6J has elongated siliques but still 
retains floral parts. Floral parts are retained even longer in strong phenotype plants (Fig. 6K; 
12 days post-pollination) and severe phenotype plants (Fig. 6L; 32 days post-pollination). 
Collectively, these experiments show that wildtype pollination and fertilization cannot rescue 
abscission delays or blockages in 35S::AtZFP2 transgenic plants.  
 
The increased floral organ retention seen in Figure 6 has several possible causes, 
including a failure to differentiate AZs or a failure to separate AZ cells once differentiated.  
In theory, such failures could occur in all AZs of the floral whorl or just a subset.  For 
example, failure to differentiate or separate only the AZs of sepals would entrap petals and 
stamens and lead to unobservable abscission. To distinguish between these possibilities, 
scanning electron microscopy was used to visualize the parental faces of AZ fracture planes 
after manual removal of wildtype and transgenic floral parts (Fig. 7).  When organs were 
removed from flowers at Position 3 of wildtype plants or transgenic plants with mild, strong 
or severe phenotypes (Figs. 6 and S2), cells at bases of petals, sepals and stamens were torn. 
Tearing is thought to reflect damage to cells that were tightly linked to their neighbors via 
cell wall connections at the time of organ removal.  At position 5, cells at the bases of all 
wildtype organs are intact, suggesting that middle lamellar connections to adjacent cells were 
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at least partially dissolved following initiation of the abscission program. However, in 
35S::AtZFP2 transgenic lines with mild pleiotropic phenotypes, the first intact AZ cells are 
observed at position 9: a delay of 2-3 days.  Notably, intact AZ cells of 35S::AtZFP2 stamens 
and petals are first observed at positions 9 and 11, respectively, whereas intact sepal AZ cells 
are generated some time between positions 11 and 20 (Fig. 7). These data reveal that 
overexpression of AtZFP2 results in asynchronous floral part abscission not seen in wildtype 
organs.  It also suggests that some abscission-competent stamens and petals could be 
entrapped within a whorl of abscission-incompetent sepals.  But not all delays in floral organ 
abscission can be explained by potential entrapment. In Figure 7, arrowheads designate 
stamen AZs at positions where intact cellular features are first observed.  A comparison of 
arrowhead positions in pictured wildtype and transgenic AZs reveals a 2-3 day abscission 
delay in plants with a mild overexpression phenotype and a ~2-3 week delay in plants with a 
strong phenotype. Abscission competence is not observed for any floral part up to Position 
30 in the ‘severe’ transgenic line. We conclude that AtZFP2 represents a potent negative 
regulator of processes that initiate and coordinate cell separation in floral organ abscission 
zones.   
 
CONCLUSIONS 
We have characterized a 554-member slice of the AZ transcriptome whose expression is 
significantly regulated prior to developmental stamen shed. Figure 8 summarizes floral stage 
intervals at which transcription of different gene classes is up- or down-regulated by at least 
2-fold. Quantitative data corresponding to Figure 8 are in Table S2.  Some expressed genes 
have been shown by others to be essential for successful abscission and/or dehiscence, 
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suggesting that the AZ554 population may also represent a valuable source of new cell 
separation determinants.  This hypothesis was confirmed via functional analyses showing a 
negative regulatory role for one upregulated AZ554 gene, AtZFP2, in abscission.  Abscission 
of 35S::AtZFP2 floral organs was asynchronous and delayed; in plants with severe 
pleiotropic phenotypes abscission did not occur over time periods of two to three weeks.  
Interestingly, it appears that 35S::AtZFP2 expression does not similarly inhibit cell 
separation during dehiscence as transgenic silique splitting was observed in Figure 6G and I. 
Comparison of AZ554 to the sequenced Arabidopsis genome reveals that cell wall 
proteins are disproportionately represented in AZs.  Pectin-related modifications are 
especially prevalent, underscoring known contributions of pectolytic enzymes in reducing 
adhesion between contiguous AZ cells. As seen in Figure 8, pectin modification is most 
significant at Stage 13 whereas regulators of hemicellulosic-cellulosic structure are turned on 
at Stage 12. It is possible that modifications of hemicellulose-cellulose structure by XTHs, 
expansins, peroxidases and/or extensins before or at Stage 13 facilitate entry of pectolytic 
proteins to their substrates as occurs in ripening fruit (Lashbrook, 2005). Alternatively, cell 
wall changes prior to Stage 13 could include reinforcement activities of some XTHs, 
peroxidases or extensins. Although net cell wall modification during abscission results in 
disassembly, wall stiffening early in the abscission pathway would be a way to temper the 
rate of pectin and hemicellulose disassembly. Given the large size of gene families for cell 
wall modifying proteins (The Arabidopsis Genome Initiative, 2000), our data will help 
prioritize gene family members for future functional analyses to answer such questions.  
HAESA mRNA component of the ethylene-independent abscission route accumulate 
significantly between Stages 12 and 13, whereas earliest signs of cell separation occur late in 
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Stage 15.  Ethylene signaling components with the same pattern of mRNA accumulation 
include two ERFs and an EIN3-binding protein component of the SCF complex used for 
ubiquitination-mediated degradation. Thus ethylene dependent and independent pathways 
seem to be initiated at similar times.  Potential convergence of ethylene dependent and 
independent routes may link cell separation regulators (Butenko et al., 2006).  The activation 
of both receptor kinase and ethylene-regulated pathways so close to the time of floral 
pollination emphasizes that competence of a plant to respond to abscission cues is realized 
before cellular rounding or other visible manifestations of cell separation.   
Early induction of abscission pathways presents both opportunities and challenges to 
researchers interested in understanding abscission control. Opportunities include the potential 
to identify novel, early regulators suitable for use in plant improvement.  Crops including 
soybean and cotton exhibit high rates of precocious shed prior to fruit set, limiting yield 
potential (Wiebold et al., 1981; Guinn, 1982).  Others like citrus resist detachment at harvest 
and require chemical harvesting aids that may bring undesirable side effects (Kender et al., 
2001). Our studies should help identify gene targets whose modification may reduce or 
promote shedding of commercially important organs.  However, a key challenge will be 
devising methods to select targets that preferentially control abscission rather than multiple 
plant processes such as were observed with AtZFP2.  For example, distinguishing genes 
controlling abscission from those co-regulating unrelated processes like anther dehiscence, 
pollination and/or floral senescence will be important. Of course, it is possible that the 
primary abscission cue that initiates ethylene-independent and/or –dependent abscission 
pathways may be derived from these or other events.   
 64 
 
A second challenge will be to determine if current abscission models should 
incorporate hormones beyond ethylene and auxin.  Our studies reveal significant changes in 
the synthesis, perception and transport of many hormones in AZs prior to organ shed.  These 
include enhancement of GA catabolism, derepression of GA signal transduction, 
downregulation of JA biosynthesis, enhanced auxin conjugation and efflux, and increased 
expression of BR- related genes including the BRI1 receptor (Fig. 8, Table S2). Some 
hormonal changes are likely to contribute to processes other than abscission or may influence 
abscission via ethylene and/or auxin.  Certainly, complex modulation of hormone status in 
stamen AZs suggests the potential for significant cross-talk between abscission pathways.   
We are presently assessing the scope of possible hormone communication in detaching 
organs via the analysis of an expanded population of highly regulated AZ genes. 
 
MATERIALS AND METHODS  
Plant Material and Growth Conditions 
Arabidopsis (Col-0) grown in a growth chamber under daily cycles of 16-h light and 8-h 
darkness at 21°C were fertilized with Peters EXCEL (Scotts Co., Marysville, OH, USA). 
Light intensity was ~100-130 µmolm-2s-1. Flowers were harvested when plants were ~ six 
weeks old and bore a total of 12-14 open flowers and siliques. Flowers were collected at the 
same daily time (4-5 PM) to reduce circadian effects. Floral stages were assigned according 
to Smyth et al. (1990).  Flowers at stage 12 (“petals level with long stamens”), 13 (“petal 
visible, anthesis”) and early stage 15 (“stigma extends above long anthers”, S15a) were 
collected from the primary inflorescence of the same plant.  Flowers of the same stage from 
the same plant batch were pooled as one independent sample. Three separately grown plant 
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batches formed three biological replications. Flowers at stage S15c were ~24-h older than 
those at stage S15a. Flowers one position above S15c flowers were termed Stage S15b. 
Flowers from Stages 15b and 15c were harvested from different plant batches six-months 
later. Flowers were fixed, processed and paraffin-embedded according to Cai and Lashbrook 
(2006).  
 
Laser-capture Microdissection, RNA Extraction, aRNA Preparation and Microarray 
Hybridization 
Protocols of Cai and Lashbrook (2006) were used for longitudinal paraffin sectioning, LCM 
and RNA isolation, amplification and biotin-labeling.  Paraffin sections were mounted onto 
adhesive-coated slides (Cai and Lashbrook, 2006) with a paraffin tape transfer system 
(Instrumedics, Hackensack, NJ, USA). Prior to LCM, tape was carefully removed from slides 
submerged in xylenes using forceps. AZ microdissection using the Pix-Cell IITM LCM 
system employed CapSureTM Macro LCM caps (Arcturus Engineering, Mountain View, CA, 
USA).  RNA was isolated from microdissected cells with the PicoPureTM RNA isolation kit 
(Arcturus Engineering, Mountain View, CA, USA). Biotin-labeled aRNA was generated with 
the BioArray TM RNA amplification and labeling system (Enzo Life Sciences Inc., 
Farmingdale, NY, USA). ATH1 GeneChip (Affymetrix, Santa Clara, CA) hybridizations and 
scanning at the Affymetrix GeneChip Facility of Iowa Sate University employed Affymetrix 
protocols (Santa Clara, CA, USA). 
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Data Analysis 
Genes that changed significantly over the five developmental stages were selected by 
applying linear mixed model analysis (Wolfinger et al., 2001; Nettleton, 2006) with the SAS 
mixed model procedure. Stage was considered as a fixed effect and plant batch as a random 
effect. Natural log transformed MAS 5.0 signal intensities were used as response variables. 
False discovery rate was calculated as per Storey and Tibshirani (2003). 554 genes with p-
value <=0.0001 are listed in Table S1.  Annotation of each microarray element was 
accomplished with the “microarray elements search and download” program on the 
Arabidopsis Information Resource website (www.arabidopsis.org).  Functional 
categorization of AZ554 using Gene Ontology Consortium (GO) analytical tools (Berardini et 
al., 2004) permitted comparisons between predicted functions of AZ transcripts and 
transcripts within the Arabidopsis genome.  Fisher’s exact test established statistical 
significance of overrepresented functions (Fisher, 1922). 
 
Cluster Analysis  
AZ554 transcripts were clustered using R software (http://www.R-project.org). The mean 
normalized signal intensity for each probe set was calculated from three biological 
replications.  A data matrix was constructed with rows corresponding to genes and columns 
representing means of each gene at each stage. Signal intensities of each gene were 
standardized so that each gene (row) would have a mean of zero and a standard deviation of 
1.  Eight clusters were chosen by the gap statistic (Tibshirani et al., 2001). The K-Medoids 
clustering method was used to assign membership of each probe set (Kaufman and 
Rousseeuw, 1990).  
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AtZFP2 Cloning and Transformation 
Full length AtZFP2 cDNA was reverse transcribed (RETROscript Cat#1710, Ambion Inc., 
Austin, TX) from flower RNA and amplified with Platinum Taq DNA Polymerase High 
Fidelity (Invitrogen, Carlsbad, CA). Primers used were: 
forward 5’-CACCATGGACTACCAGCCAAACACATC-3’  
reverse 5’-TTAGAGCCTTAAGGATAAGTCAAG-3’.   
For promoter-GUS construction, a 5’ upstream region of 3000bp preceding the 
5'UTR of AtZFP2 was amplified from genomic DNA. Primers used were:  
forward 5’ CACCCATTTTCCCTATTGGTTGACGTC-3’  
reverse 5’-AGAGAAGTGTGTTTGAAGAGTTTGG-3’.   
 
Transformation constructs were obtained with Gateway® technology. Cloning blunt-
ended PCR product into pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA) generated an 
entry clone.  Pvu1 enzyme digestion destroyed kanamycin resistance of the entry construct. 
A LR recombination reaction was performed using Gateway® LR clonase™ II enzyme mix 
(Invitrogen, Carlsbad, CA).  This transferred AtZFP2 and promoter from the entry construct 
into Gateway® Destination vectors PMDC32 and PMDC164, respectively (Curtis and 
Grossniklaus, 2003). Vectors were introduced into Agrobacterium tumefaciens (strain 
GV3101) by freeze and thaw (Holsters et al., 1978).  Arabidopsis was transformed by floral 
dip (Clough and Bent, 1998) and transgenic plants selected on MS-hygromycin plates (50 
mg/L). Overexpression lines were sterile, hence transgenic lines were characterized in the T1 
generation. 
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Quantitative Real-time RT-PCR  
Q-PCR employed gene specific primers provided by the QuantiTect ® primer assay  (Qiagen 
Inc., Valencia, CA). The QuantiTect® Reverse transcription kit (Qiagen Inc.) generated 
cDNA. PCR reactions in a Mx3000P instrument (Stratagene, La Jolla, CA) used the 
QuantiTect® SYBRGreen PCR kit (Qiagen Inc.). 18s rRNA was amplified in parallel with 
each target gene as an internal control. Relative amount of RT-PCR product was represented 
by ─∆∆Ct according to described methods (Livak and Schmittgen, 2001; Ehlting et al., 
2005). Basically, threshold detection cycles (Ct) were normalized using corresponding 18s 
rRNA Ct values to generate ∆Ct values. ∆Ct values for each gene were compared to the 
highest ∆Ct value among 15 samples obtained for that gene to generate -∆∆Ct values. RT-
PCR was replicated three times and results shown in plots parallel with normalized signal 
intensities from microarray data.  
 
Histochemical Analysis of GUS Activity  
Gus staining used 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid substrate (Jefferson et al., 
1987).  Tissues from T2 plants were incubated at 37 °C overnight in 0.1 M phosphate buffer 
containing 10mM EDTA, 0.5mM K-ferricyanide, 0.5mM K-ferrocyanide, 1.0mM X-
glucuronide, and 0.1% Triton X-100. Tissues were cleared in 70% ethanol and viewed under 
a stereomicroscope.     
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Scanning Electron Microscopy 
Flowers were fixed in FAA (45% ethanol, 2.5% acetic acid, and 2.5% formalin) overnight, 
dehydrated in an ethanol series and critical point dried (DCP-1, Denton Vacuum, Inc.). 
Samples were mounted on aluminum-stubs, silver painted, sputter-coated (Denton Vacuum) 
with Au/Pd and viewed under a scanning electron microscope (JSM-5800LV, JEOL) at 
10 kV. 
 
ACKNOWLEDGEMENTS 
We thank Dr. Jiqing Peng for performing microarray hybridizations and Drs. Madan 
Bhattacharyya, Harry Horner, Patrick Schnable and Steve Whitham for critical review of this 
manuscript. We are grateful to Dr. Dan Nettleton for helpful comments on the manuscript 
and providing SAS and R-code modified for use in this study. 
 
 
LITERATURE CITED 
Addicott FT (1982) Abscission behavior. In Abscission, University of California Press, 
Berkeley & Los Angeles, pp. 44-96.  
Becnel J, Natarajan M, Kipp A, Braam J (2006) Developmental expression patterns of 
Arabidopsis XTH genes reported by transgenes and Genevestigator. Plant Mol Biol 
61: 451-467 
Becraft PW (2002) Receptor kinase signaling in plant development. Annu Rev Cell Dev 
Biol 18: 163-192 
 70 
 
Berardini TZ, Mundodi S, Reiser L, Huala E, Garcia-Hernandez M, Zhang P, Mueller 
LA, Yoon J, Doyle A, Lander G, Moseyko N, Yoo D, Xu I, Zoeckler B, Montoya 
M, Miller N, Weems D, Rhee SY (2004) Functional annotation of the Arabidopsis 
genome using controlled vocabularies. Plant Physiol 135: 745-755 
Biesgen C, Weiler EW (1999) Structure and regulation of OPR1 and OPR2, two closely 
related genes encoding 12-oxophytodienoic acid-10,11-reductases from Arabidopsis 
thaliana. Planta 208: 155-165 
Bleecker AB, Esch JJ, Hall AE, Rodriguez FI, Binder BM (1998) The ethylene receptor 
family from Arabidopsis: structure and function. Philos Trans R Soc Lond B Biol Sci 
353: 1405-1412 
Bleecker AB, Patterson SE (1997) Last exit: senescence, abscission, and meristem arrest in 
Arabidopsis. Plant Cell 9: 1169-1179 
Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C (2000) Activation tagging identifies a 
conserved MYB regulator of phenylpropanoid biosynthesis. Plant Cell 12: 2383-2394 
Bornman CH, Spurr AR, Addicott FT (1967) Abscisin, auxin, and gibberellin effects on 
the developmental aspects of abscission in cotton (Gossypium hirsutum). Am J Bot 
54: 125-135 
Brummell, DA, Hall, BD, Bennett, AB (1999) Antisense suppression of tomato endo-1,4-β-
glucanase Cel2 mRNA accumulation increases the force required to break fruit 
abscission zones but does not affect fruit softening.  Plant Mol Biol 40: 615-622 
Burns J, Pozo L, Arias C, Hockema B, Rangaswamy V, Bender C (2003) Coronatine and 
abscission in citrus. J Amer Soc Hort Sci 128: 309-315 
 71 
 
Butenko MA, Patterson SE, Grini PE, Stenvik GE, Amundsen SS, Mandal A, Aalen RB 
(2003) INFLORESCENCE DEFICIENT IN ABSCISSION controls floral organ 
abscission in Arabidopsis and identifies a novel family of putative ligands in plants. 
Plant Cell 15: 2296-2307 
Butenko MA, Stenvik GE, Alm V, Saether B, Patterson SE, Aalen RB (2006) Ethylene-
dependent and -independent pathways controlling floral abscission are revealed to 
converge using promoter::reporter gene constructs in the ida abscission mutant. J Exp 
Bot 57: 3627-3637 
Butler L (1936) Inherited characters in the tomato. II. Jointless pedicel. J Hered 37: 25-26 
Cai S, Lashbrook CC (2006) Laser capture microdissection of plant cells from tape-
transferred paraffin sections promotes recovery of structurally intact RNA for global 
gene profiling. Plant J 48: 628-637 
Carpita NC, Gibeaut DM (1993) Structural models of primary cell walls in flowering 
plants: consistency of molecular structure with the physical properties of the walls 
during growth. Plant J 3: 1-30 
Clough SJ, Bent AF (1998)  Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant J 16: 735–743 
 Cosgrove DJ, Li LC, Cho HT, Hoffmann-Benning S, Moore RC, Blecker D (2002) The 
growing world of expansins. Plant Cell Physiol 43: 1436-1444 
Curtis M, Grossniklaus U (2003) A Gateway TM cloning vector set for high-throughput 
functional analysis of genes in plants. Plant Physiol 133: 462-469 
del Campillo E (1999) Multiple endo-1,4-β-D-glucanase(cellulase) genes in Arabidopsis. 
Curr Top Dev Biol 46: 39-61 
 72 
 
Delker C, Stenzel I, Hause B, Miersch O, Feussner I, Wasternack C (2006) Jasmonate 
biosynthesis in Arabidopsis thaliana - enzymes, products, regulation. Plant Biol 8: 
297-306 
Ellis CM, Nagpal P, Young JC, Hagen G, Guilfoyle TJ, Reed JW (2005) AUXIN 
RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR2 regulate senescence and 
floral organ abscission in Arabidopsis thaliana. Development 132: 4563-4574 
Englbrecht CC, Schoof H, Bohm S (2004) Conservation, diversification and expansion of 
C2H2 zinc finger proteins in the Arabidopsis thaliana genome. BMC Genomics 5: 39 
Ehlting J, Mattheus N, Aeschliman DS, Li E, Hamberger B, Cullis IF, Zhuang J, 
Kaneda M, Mansfield SD, Samuels L, Ritland K, Ellis BE, Bohlmann J, Douglas 
CJ (2005) Global transcript profiling of primary stems from Arabidopsis thaliana 
identifies candidate genes for missing links in lignin biosynthesis and transcriptional 
regulators of fiber differentiation. Plant J 42: 618-640 
Evensen KB (1991) Ethylene responsiveness changes in Pelargonium X domesticum florets. 
Physiol Plant 81: 409-412 
Fernandez DE, Heck GR, Perry SE, Patterson SE, Bleecker AB, Fang SC (2000) The 
embryo MADS domain factor AGL15 acts postembryonically. Inhibition of perianth 
senescence and abscission via constitutive expression. Plant Cell 12: 183-198 
Fisher, RA (1922) On the interpretation of χ2 from contingency tables, and the calculation of 
P. J Royal Stat Soc 85:87-94.  
Friedrichsen DM, Joazeiro CA, Li J, Hunter T, Chory J (2000) Brassinosteroid-
insensitive-1 is a ubiquitously expressed leucine-rich repeat receptor serine/threonine 
kinase. Plant Physiol 123: 1247-1256 
 73 
 
Guinn G (1982) Fruit age and changes in abscisic acid content, ethylene production, and 
abscission rate of cotton fruits. Plant Physiol 69: 349-352 
Guzman P, Ecker JR (1990) Exploiting the triple response of Arabidopsis to identify 
ethylene-related mutants. Plant Cell 2: 513-523 
Hamann T, Osborne E, Youngs H, Misson J, Nussaume L, Somerville C (2004) Global 
expression analysis of CESA and CSL genes in Arabidopsis. Cellulose: 279-286 
Harper and Bar-Peled (2002) Biosynthesis of UDP-xylose. Cloning and characterization of 
a novel Arabidopsis gene family, UXS, encoding soluble and putative membrane-
bound UDP-glucuronic acid decarboxylase isoforms. Plant Physiol 130: 2188-2198  
Hartmond U, Yuan R, Burns, JK , Grant A, Kender W (2000) Citrus Fruit Abscission 
Induced by Methyl-Jasmonate. J Amer Soc Hort Sci 125: 547-552 
Hayashi T (1989) Xyloglucans in the primary cell wall. Annu Rev Plant Physiol and Plant 
Mol Biol 40: 139-168 
He Y, Fukushige H, Hildebrand DF, Gan S (2002) Evidence supporting a role of jasmonic 
acid in Arabidopsis leaf senescence. Plant Physiol 128: 876-884 
Jackson MB, Osborne DJ (1970) Ethylene, the natural regulator of leaf abscission. Nature 
225: 1019 
Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: Beta-glucuronidase as a 
sensitive and versatile gene fusion marker in higher plants. EMBO J 6: 3901–3907 
Jin H, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J, Tonelli C, Weisshaar B, 
Martin C (2000) Transcriptional repression by AtMYB4 controls production of UV-
protecting sunscreens in Arabidopsis. EMBO J 19: 6150-6161 
 74 
 
Jinn TL, Stone JM, Walker JC (2000) HAESA, an Arabidopsis leucine-rich repeat receptor 
kinase, controls floral organ abscission. Genes Dev 14: 108-117 
Kaufman L, Rousseeuw P (1990) Finding Groups in Data: An Introduction to Cluster 
Analysis. Wiley, New York  
Kendall J (1918) Abscission of flowers and fruits in the Solanaceae, with special reference 
to Nicotiana. Calif Univ Publi Bot 5: 347-428 
Kende H,  Bradford KJ, Brummell DA, Cho H-T, Cosgrove DJ, Fleming AJ, Gehring 
C, Lee W, McQueen-Mason S, Rose JKC, Voesenek LACJ (2004) Nomenclature 
for member of the expansin superfamily of genes and proteins. Plant Molec Biol 
55:311-314 
Kender W, Hartmond U, Burns J, Yuan R, Pozo L (2001) Methyl jasmonate and CMN-
pyrazole applied alone and in combination can cause mature orange abscission. Sci 
Hortic 88: 107-120 
Kranz HD, Denekamp M, Greco R, Jin H, Leyva A, Meissner RC, Petroni K, Urzainqui 
A, Bevan M, Martin C, Smeekens S, Tonelli C, Paz-Ares J, Weisshaar B (1998) 
Towards functional characterisation of the members of the R2R3-MYB gene family 
from Arabidopsis thaliana. Plant J 16: 263-276 
Kubigsteltig I, Weiler E (2003) Arabidopsis mutants affected in the transcriptional control 
of allene oxide synthase, the enzyme catalyzing the entrance step in octadecanoid 
biosynthesis. Planta 217: 748-757 
Lashbrook C (2005) New insights into cell wall disassembly during fruit ripening. Stewart 
Postharvest Rev. 3, Available at: http://www.stewartpostharvest.com/ 
Archives/Archives_Issue3_October2005.htm. 
 75 
 
Lashbrook, CC, Giovannoni, JJ, Hall, BD, Fischer, RL, Bennett, AB (1998) Transgenic 
analysis of tomato endo-β-1,4-glucanase gene function. Role of Cel1 in floral 
abscission. Plant J 13: 303-310 
Leinweber CL, Hall WC (1959) Foliar abscission in cotton. I.Effect of age and defoliants 
on the respiratory rate of blade, petiole, and tissues of the abscission zone. Bot Gaz 
120: 144-151 
Li J, Lease KA, Tax FE, Walker JC (2001) BRS1, a serine carboxypeptidase, regulates 
BRI1 signaling in Arabidopsis thaliana. Proc Natl Acad Sci USA 98: 5916-5921 
Li SF, Parish RW (1995) Isolation of two novel myb-like genes from Arabidopsis and 
studies on the DNA-binding properties of their products. Plant J 8: 963-972 
Liepman AH, Wilkerson CG, Keegstra K (2005) Expression of cellulose synthase-like 
(Csl) genes in insect cells reveals that CslA family members encode mannan 
synthases. Proc Natl Acad Sci USA 102: 2221-2226 
Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time 
quantitative PCR and the 2 - CT method.  Methods 25: 402–408 
Lorenzo O, Piqueras R, Sanchez-Serrano JJ, Solano R (2003) ETHYLENE RESPONSE 
FACTOR1 integrates signals from ethylene and jasmonate pathways in plant defense. 
Plant Cell 15: 165-178 
Malayer JC, Guard AT (1964) A comparative developmental study of the mutant side-
shootless and normal tomato plants. Am J Bot 51: 140-143 
Mandaokar A, Thines B, Shin B, Lange BM, Choi G, Koo YJ, Yoo YJ, Choi YD, 
Browse J (2006) Transcriptional regulators of stamen development in Arabidopsis 
identified by transcriptional profiling. Plant J 46: 984-1008 
 76 
 
Mao L, Begum D, Chuang HW, Budiman MA, Szymkowiak EJ, Irish EE, Wing RA 
(2000) JOINTLESS is a MADS-box gene controlling tomato flower abscission zone 
development. Nature 406: 910-913 
McManus MT, Osborne DJ (1990) Identification of polypeptides specific to rachis 
abscission zone cells of Sambucus nigra. Physiol Plant 79: 471-478 
McManus MT, Osborne DJ (1991) Identification and characterization of an ionically-
bound cell wall glycoprotein expressed preferentially in the leaf rachis abscission 
zone of Sambucus nigra L. J Plant Physiol l38: 63-67 
McMichael BL, Jordan WR, Powell RD (1972) An effect of water stress on ethylene 
production by intact cotton petioles. Plant Physiol 49: 685 
Merkouropoulos G, Shirsat AH (2003) The unusual Arabidopsis extensin gene atExt1 is 
expressed throughout plant development and is induced by a variety of biotic and 
abiotic stresses. Planta 217: 356-366 
Miyamoto K, Oka M, Ueda J (1997) Update on the possible mode of action of the 
jasmonates: Focus on the metabolism of cell wall polysaccharides in relation to 
growth and development. Physiol Plant 100: 631-638 
Morgan PW, He CJ, Drew MC (1992) Intact leaves exhibit a climacteric-like rise in 
ethylene production before abscission. Plant Physiol 100: 1587-1590 
Morre DJ (1968) Cell wall dissolution and enzyme secretion during leaf abscission. Plant 
Physiol 43: 1545-1559 
Nakano T, Suzuki K, Fujimura T, Shinshi H (2006) Genome-wide analysis of the ERF 
gene family in Arabidopsis and rice. Plant Physiol 140: 411-432  
 77 
 
Nettleton D (2006) A discussion of statistical methods for design and analysis of microarray 
experiments for plant scientists. Plant Cell 18: 2112-2121 
Okushima Y, Mitina I, Quach HL, Theologis A (2005) AUXIN RESPONSE FACTOR 2 
(ARF2): a pleiotropic developmental regulator. Plant J 43: 29-46 
Osborne DJ, Sargent JA (1976) The positional differentiation of abscission zones during 
the development of leaves of Sambucus nigra and the response of the cells to auxin 
and ethylene. Planta 132: 197-204 
Palusa SG, Golovkin M; Shin S-B, Richardson DN, Reddy ASN (2007) Organ-specific, 
developmental, hormonal and stress regulation of expression of putative pectate lyase 
genes in Arabidopsis.  New Phytol 174: 537-550 
Passardi F, Cosio C, Penel C, Dunand C (2005) Peroxidases have more functions than a 
Swiss army knife. Plant Cell Rep 24: 255-265 
Patterson SE (2001) Cutting loose. Abscission and dehiscence in Arabidopsis. Plant Physiol 
126: 494-500 
Patterson SE, Bleecker AB (2004) Ethylene-dependent and -independent processes 
associated with floral organ abscission in Arabidopsis. Plant Physiol 134: 194-203 
Rajani S, Sundaresan V (2001) The Arabidopsis myc/bHLH gene ALCATRAZ enables cell 
separation in fruit dehiscence. Curr Biol 11: 1914-1922 
Reinders A, Panshyshyn JA, Ward JM (2005) Analysis of transport activity of 
Arabidopsis sugar alcohol permease homolog AtPLT5. J Biol Chem 280: 1594-1602 
Ridley BL, O'Neill MA, Mohnen D (2001) Pectins: structure, biosynthesis, and 
oligogalacturonide-related signaling. Phytochemistry 57: 929-967 
 78 
 
Roberts J, Whitelaw C, Gonzalez-Carranza Z, McManus M (2000) Cell separation 
processes in plants-models, mechanisms and manipulation. Ann Bot 86: 223-235 
Roberts JA, Elliott KA, Gonzalez-Carranza ZH (2002) Abscission, dehiscence, and other 
cell separation processes. Annu Rev Plant Biol 53: 131-158 
Roberts K, Shirsat AH (2006) Increased extensin levels in Arabidopsis affect inflorescence 
stem thickening and height. J Exp Bot 57: 537-545 
Rose J, Braam J, Fry S, Nishitani K (2002) The XTH family of enzymes involved in 
xyloglucan endotransglucosylation and endohydrolysis: current perspectives and a 
new unifying nomenclature. Plant Cell Physiol 43: 1421-1435 
Sanders PM, Lee PY, Biesgen C, Boone JD, Beals TP, Weiler EW, Goldberg RB (2000) 
The Arabidopsis DELAYED DEHISCENCE1 gene encodes an enzyme in the 
jasmonic acid synthesis pathway. Plant Cell 12: 1041-1061 
Schaller F, Biesgen C, Mussig C, Altmann T, Weiler EW (2000) 12-Oxophytodienoate 
reductase 3 (OPR3) is the isoenzyme involved in jasmonate biosynthesis. Planta 210: 
979-984 
Schaller F, Hennig P, Weiler EW (1998) 12-Oxophytodienoate-10,11-reductase: 
occurrence of two isoenzymes of different specificity against stereoisomers of 12-
oxophytodienoic acid. Plant Physiol 118: 1345-1351 
Schaller F, Weiler EW (1997) Enzymes of octadecanoid biosynthesis in plants--12-oxo-
phytodienoate 10,11-reductase. Eur J Biochem 245: 294-299 
Schumacher K, Schmitt T, Rossberg M, Schmitz G, Theres K (1999) The Lateral 
suppressor (Ls) gene of tomato encodes a new member of the VHIID protein family. 
Proc Natl Acad Sci USA 96: 290-295 
 79 
 
Seo S, Seto H, Yamakawa H, Ohashi Y (2001) Transient accumulation of jasmonic acid 
during the synchronized hypersensitive cell death in tobacco mosaic virus-infected 
tobacco leaves. Mol Plant Microbe Interact 14: 261-264 
Sexton R, Lewis L, Trewavas A, Kelly P (1985) Ethylene and Abscission. In JA Roberts, 
GA Tucker, eds, Ethylene and Plant Development. Butterworths, London, pp 173-196 
Shiu SH, Bleecker AB (2001) Receptor-like kinases from Arabidopsis form a monophyletic 
gene family related to animal receptor kinases. Proc Natl Acad Sci USA 98: 10763-
10768 
Smyth DR, Bowman JL, Meyerowitz EM (1990) Early flower development in 
Arabidopsis. Plant Cell 2: 755-767 
Stenvik GE, Butenko MA, Urbanowicz BR, Rose JK, Aalen RB (2006) Overexpression of 
INFLORESCENCE DEFICIENT IN ABSCISSION activates cell separation in 
vestigial abscission zones in Arabidopsis. Plant Cell 18: 1467-1476 
Stintzi A, Browse J (2000) The Arabidopsis male-sterile mutant, opr3, lacks the 12-
oxophytodienoic acid reductase required for jasmonate synthesis. Proc Natl Acad Sci 
USA 97: 10625-10630 
Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies. Proc. Natl. 
Acad. Sci. USA 100: 9440–9445 
Tague BW, Goodman HM (1995) Characterization of a family of Arabidopsis zinc finger 
protein cDNAs. Plant Mol Biol 28: 267-279 
Takatsuji H (1998) Zinc-finger transcription factors in plants. Cell Mol Life Sci 54: 582-596 
Takatsuji H (1999) Zinc-finger proteins: the classical zinc finger emerges in contemporary 
plant science. Plant Mol Biol 39: 1073-1078 
 80 
 
Taylor J, Whitelaw C (2001) Signals in abscission. New Phytol 151: 323-339 
The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the 
flowering plant Arabidopsis thaliana. Nature 408: 796-815 
Thomas S, Phillips A, Hedden P (1999) Molecular cloning and functional expression of 
gibberellin 2-oxidases, multifunctional enzymes involved in gibberellin deactivation. 
Proc Natl Acad Sci USA 96: 4698-4703 
Thompson JE, Fry SC (1997) Trimming and solubilization of xyloglucan after deposition in 
the walls of cultured rose cells. J Exp Bot 48: 297-305 
Thompson JE, Fry SC (2001) Restructuring of wall-bound xyloglucan by 
transglycosylation in living plant cells. Plant J 26: 23-34 
Tibshirani R, Walther G, Hastie T (2001) Estimating the number of clusters in a data set 
via the gap statistic. J Royal Statist Soc B 63: 411-423  
Ueda J, Kato J (1982) Inhibition of cytokinin-induced plant growth by jasmonic acid and its 
methyl ester. Physiol Plant 54: 249-252 
Ueda J, Miyamoto K, Hashimoto M (1996) Jasmonates promote abscission in bean petiole 
explants: Its relationship to the metabolism of cell wall polysaccharides and cellulase 
activity. J Plant Growth Regul 15: 189-195 
Ueda J, Miyamoto K, Sato T, Momotani Y (1991) Identification of jasmonic acid from 
Euglena gracilis Z as a plant growth regulator. Agr Biol Chem 55: 275-276 
Wiebold W, Ashley D, HR B  (1981) Reproductive abscission levels and patterns for eleven 
determinate soybean cultivars. Agron J 73: 43-46 
Willats W, McCartney L, Mackey W, Knox J (2001) Pectin: cell biology and prospects for 
functional analysis. Plant Mol Biol 47: 9-27 
 81 
 
Wolfinger RD, Gibson G, Wolfinger ED, Bennett L, Hamadeh H, Bushel P, Afshari C, 
Paules RS (2001) Assessing gene significance from cDNA microarray expression 
data via mixed models. J Comput Biol 8: 625-637 
 
Supplementary Material were attached at the end of the manuscript  
Supplemental Table 1.  AZ554: The 554 most significantly regulated genes of the stamen AZ 
transcriptome. 
Supplemental Table 2. Fold-changes of selected AZ554 transcripts within floral stage 
intervals. 
Supplemental Figure 1. Validation of microarray results using quantitative real time PCR.   
Supplemental Figure 2.  Phenotypes of wildtype and 35S::AtZFP2 floral organs 
 
 82 
 
Table I.  Functional categorization of the 554 most significantly regulated transcripts in stamen AZsa.  
Functional categories in which AZ transcript abundance exceeded that found in the ATH1 by at least 50% are 
represented. GO categorization data was determined on July 18, 2007. P-values were obtained using Fisher’s 
exact test. 
GO Classification By Genes Percent of Total Transcripts AZ Overrepresentation P-value 
A. By Cellular Component ATH1   AZ554 Fold-Change  
Cell Wall 0.925 3.5 3.8 1.1 e-7 
Extracellular 0.72 2.3 3.2 8.0 e-5 
Nucleus 7.6 12.1 1.6 1.5 e-5 
Other Membranes 20.1 31.1 1.5 1.1 e-11 
     
B. By Molecular Function     
Transcription Factor 
Activity 
5.8 11.3 1.95 2.9 e-12 
     
C. By Biological Process     
Response to stress 2.2 4.6 2.1 4.5 e-10 
Response to abiotic or 
biotic stimulus 
2.7 5.2 1.9 4.2 e-10 
Transcription 3.7 5.4 1.5 2.2 e -6 
Signal Transduction 2.0 2.9 1.5 9.8 e-4 
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Table II.  Overrepresented functions in transcript clusters relative to ATH1 probe sets. GO categorization data 
was determined on July 18, 2007. P-values were obtained using Fisher’s exact test.  
Cluster No. By GO Cellular Component  P-value By GO Molecular  Function P-value 
Upregulated    
1 Nucleus 0.015 Transcription factor activity 0.00002 
 Cell wall  0.0009 Nucleotide binding 0.0003 
 Other membranes 0.029 Transferase activity 0.02 
  DNA or RNA binding 0.03 
   
2 Cell Wall 0.0007 Hydrolase Activity 0.002 
 Extracellular 0.017 Other Enzyme Activity 0.0004 
 ER 0.007  
    
3 Nucleus 0.03 Transcription factor activity 0.00001 
 Cell wall 0.003 Other enzyme activity 0.008 
 Other membranes 0.0019  
   
Upregulated early; 
Downregulated late 
   
    
4 Other membranes 0.003 Transporter activity 0.037 
 Mitochondria  0.042  
   
Downregulated    
5  Extracellular  0.019 Transferase activity 0.008 
 Other membranes 0.00003 Hydrolase activity 0.0004 
    
6 Nucleus 0.0004 Transcription factor activity 1.5e-7 
 Cell wall 0.03 DNA or RNA binding 0.001 
 Extracellular 0.016  
 Plasma membrane 0.04   
    
7 Mitochondria 0.03 Transferase activity 0.03 
 Other membranes 0.016 Hydrolase activity 0.04 
   
Downregulated early; 
Upregulated late 
   
   
8 ----- Transporter activity 0.025 
  Other enzyme activity 0.027 
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Figure 1.  Scanning electron and light micrographs of floral organ abscission zones (AZs).  
(A) SEM of proximal AZ faces after detachment of stamens (St), sepals (S) and petals (P); 
(B-C) Sectioned floral tissue before (B) and after (C) laser capture microdissection of stamen 
AZs (shown within boxes).  
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Figure 2.  Developmental stages of Arabidopsis flowers and corresponding proximal stamen 
AZ fracture planes after organ removal.  (A) Flower stages  (B) Scanning electron 
micrographs of fracture planes.  
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Figure. 3  Classification of 554 AZ genes into eight clusters based on their expression 
pattern.
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 Figure 4.  Expression profiles of known cell separation regulators represented in AZ554. 
Mean natural log signal intensities are plotted across developmental stages. Gene names are 
defined in the text. 
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Figure 5.  Tissue and organ-specific expression of AtZFP2 revealed by the reporter gene β-
glucuronidase (GUS). (A) Promoter-GUS expression in transgenic inflorescences, (B) 
Abscission zone scars following floral organ detachment; (C) Abscission zone scars later in 
silique development; (D) Stamen; (E) Carpel; (F) 2 week-old seedling; (G) Inflorescence; (H) 
Magnified view of leaf surface of G; (I) Magnified view of stem surface of G.  Scale bars 
equal to 1000 µm. 
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Fig. 6   Floral organ abscission in wildtype and 35S::AtZFP2 plants.  (A) Inflorescence 
morphology in wildtype plants and (B) Transgenic line with mild phenotype;  (C, E)  
Transgenic lines with strong phenotypes; (D) Transgenic line with severe phenotype; (F-I), 
Reproductive structures from plants in A-D, respectively; (J-L) Floral organ abscission 
responses after cross-pollination with wildtype pollen grains; (J) Mild transgenic line 4 days 
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post-pollination; (K) Strong transgenic line 12 days post-pollination. (L) Severe transgenic 
line 32 days post-pollination. Scale bars equal to 1000 µm. 
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Figure 7.  Scanning electron micrographs of wildtype and 35S::AtZFP2 floral organ 
abscission zone fracture planes.  Organs abscised naturally or were manually removed at 
designated positions along plant inflorescences.  Arrowheads designate stamen AZs at the 
first position where intact cells were observed after organ removal. 
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Figure 8.  Developmental timing of accumulation of selected AZ554 transcripts. Entries listed 
above the dashed line are downregulated at least 2-fold between stages; those listed below 
the dashed line are upregulated at least two-fold.  Maximum negative and positive fold-
changes between stages are in bold type.  Corresponding quantitative data and additional 
locus IDs are in Table S2.  
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Table S1.  AZ554: The 554 Most Significantly Regulated Genes of the Stamen AZ transcriptome 
No. Probe Set Locus ID Cluster Description 
1 267178_at AT2G37750 1 unknown protein 
2 267008_at AT2G39350 1 ABC transporter family protein 
3 266993_at AT2G39210 1 nodulin family protein 
4 266469_at AT2G31180 1 MYB14 
5 266364_at AT2G41230 1 similar to ARL (ARGOS-LIKE) 
6 266300_at AT2G01420 1 PIN-FORMED 4 (PIN4) auxin efflux carrier 
7 266076_at AT2G40700 1 DEAD/DEAH box helicase, putative (RH17) 
8 265471_at AT2G37130 1 peroxidase 21 (PER21) 
9 265382_at AT2G16790 1 shikimate kinase family protein 
10 264663_at AT1G09970 1 RLK 
11 264529_at AT1G30820 1 CTP synthase, putative / UTP-ammonia ligase, putative 
12 264037_at AT2G03750 1 sulfotransferase family protein 
13 264006_at AT2G22430 1 ATHB6 (A. THALIANA HOMEOBOX PROTEIN 6) 
14 263963_at AT2G36080 1 DNA-binding protein 
15 263680_at AT1G26930 1 kelch repeat-containing F-box family protein 
16 263536_at AT2G25000 1 ATWRKY60 
17 263436_at AT2G28690 1 similar to unknown protein 
18 262899_at AT1G59870 1 PDR8/PEN3 (PLEIOTROPIC DRUG RESISTANCE8) 
19 262912_at AT1G59740 1 proton-dependent oligopeptide transport (POT) family protein 
20 262842_at AT1G14720 1 XTH28 (formerly XTR2) 
21 262646_at AT1G62800 1 aspartate aminotransferase / transaminase A (ASP4) 
22 261481_at AT1G14260 1 zinc finger (C3HC4-type RING finger) family protein 
23 261314_at AT1G52980 1 GTP-binding family protein 
24 261261_at AT1G26730 1 EXS family protein / ERD1/XPR1/SYG1 family protein 
25 260602_at AT1G55920 1 AtSerat2;1 (SERINE ACETYLTRANSFERASE 1) 
26 260527_at AT2G47270 1 transcription factor/ transcription regulator 
27 260528_at AT2G47260 1 WRKY23 
28 260435_at AT1G68320 1 MYB62 
29 260070_at AT1G73830 1 BR-enhanced expression 3 (BEE3) 
30 259809_at AT1G49800 1 unknown protein 
31 259786_at AT1G29660 1 GDSL-motif lipase/hydrolase family protein 
32 259753_at AT1G71050 1 heavy-metal-associated domain-containing protein  
33 259466_at AT1G19050 1 ARR7 (RESPONSE REGULATOR 7) 
34 259291_at AT3G11550 1 integral membrane family protein 
35 258618_at AT3G02885 1 GA-regulated protein (GASA5) 
36 258063_at AT3G14620 1 CYP72A8 
37 258064_at AT3G14680 1 CYP72A14 
38 258037_at AT3G21230 1 4CL5 (4-COUMARATE:COA LIGASE 5) 
39 257952_at AT3G21770 1 peroxidase 30 (PER30) 
40 257702_at AT3G12670 1 EMB2742 (EMBRYO DEFECTIVE 2742); CTP synthase 
41 257600_at AT3G24770 1 CLAVATA3/ESR-RELATED 41 (Cle41) 
42 257205_at AT3G16520 1 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
43 257037_at AT3G19130 1 ATRBP47B (RNA-BINDING PROTEIN 47B); RNA binding 
44 256598_at AT3G30180 1 Brassinosteroid-6-oxidase 2  (BR6OX2/CYP85A2) 
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45 256547_at AT3G14840 1 leucine-rich repeat family protein  
46 256022_at AT1G58360 1 amino acid permease I (AAP1) 
47 255732_at AT1G25450 1 very-long-chain fatty acid condensing enzyme 
48 255628_at AT4G00850 1 GIF3 (GRF1-INTERACTING FACTOR 3) 
49 254652_at AT4G18170 1 WRKY28 
50 253774_at AT4G28530 1 ANAC074 
51 253779_at AT4G28490 1 HAESA 
52 253382_at AT4G33040 1 glutaredoxin family protein 
53 253358_at AT4G32940 1 GAMMA-VPE (Vacuolar processing enzyme gamma) 
54 253182_at AT4G35190 1 similar to unknown protein 
55 253103_at AT4G36110 1 auxin-responsive protein, putative 
56 253010_at AT4G37750 1 ANT (AINTEGUMENTA) 
57 252340_at AT3G48920 1 MYB45 
58 252291_s_at AT3G49120 1 peroxidase 34 (PER34) 
  AT3g49110  peroxidase 33 (PER33) 
59 251800_at AT3G55510 1 similar to unknown protein 
60 251476_at AT3G59670 1 similar to unknown protein 
61 251248_at AT3G62150 1 PGP21 (P-GLYCOPROTEIN 21) 
62 251036_at AT5G02160 1 similar to hypothetical protein 
63 250646_at AT5G06720 1 peroxidase, putative 
64 250446_at AT5G10770 1 chloroplast nucleoid DNA-binding protein 
65 250244_at AT5G13680 1 ABO1/ELO2 (ABA-OVERLY SENSITIVE 1) 
66 248961_at AT5G45650 1 subtilase family protein 
67 248753_at AT5G47630 1 acyl carrier family protein / ACP family protein 
68 248686_at AT5G48540 1 33 kDa secretory protein-related 
69 248419_at AT5G51550 1 phosphate-responsive 1 family protein 
70 247812_at AT5G58390 1 peroxidase, putative 
71 247743_at AT5G59010 1 protein kinase-related 
72 247450_at AT5G62350 1 invertase/pectin methylesterase inhibitor family protein  
73 247325_at AT5G64200 1 ATSC35  
74 247228_at AT5G65140 1 trehalose-6-phosphate phosphatase 
75 247154_at AT5G65710 1 HSL2 (HAESA-LIKE 2) 
76 247072_at AT5G66490 1 similar to unknown protein 
77 246932_at AT5G25190 1 ERF003 
78 246122_at AT5G20380 1 transporter-related 
79 246000_at AT5G20820 1 auxin-responsive protein 
80 245628_at AT1G56650 1 MYB75 
81 267254_at AT2G23030 1 SnRK2.9 (SNF1-RELATED PROTEIN KINASE 2-9) 
82 266693_at AT2G19800 1 MIOX2 (MYO-INOSITOL OXYGENASE 2) 
83 266511_at AT2G47680 1 zinc finger (CCCH type) helicase family protein 
84 264024_at AT2G21180 1 similar to unknown protein 
85 261522_at AT1G71710 1 inositol polyphosphate 5-phosphatase 
86 261070_at AT1G07390 1 protein binding 
87 260337_at AT1G69310 1 WRKY57 
88 259788_at AT1G29670 1 GDSL-motif lipase/hydrolase family protein 
89 259765_at AT1G64370 1 similar to hypothetical protein FG03565.1 
90 258094_at AT3G14690 1 CYP72A15 
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91 254210_at AT4G23450 1 zinc finger (C3HC4-type RING finger) family protein 
92 253860_at AT4G27700 1 rhodanese-like domain-containing protein 
93 253485_at AT4G31800 1 WRKY18 
94 249832_at AT5G23400 1 disease resistance family protein / LRR family protein 
95 248392_at AT5G52050 1 MATE efflux protein-related 
96 246305_at AT3G51890 1 similar to unknown protein 
97 245136_at AT2G45210 1 auxin-responsive protein-related 
98 266501_at AT2G06990 1 HEN2 (HUA ENHANCER 2) 
99 266474_at AT2G31110 1 similar to unknown protein 
100 263553_at AT2G16430 1 purple acid phosphatase (PAP10) 
101 262046_at AT1G79960 1 ATOFP14/OFP14 
102 260096_at AT1G73240 1 similar to hypothetical protein SDM1_56t00017 
103 258623_at AT3G02790 1 zinc finger (C2H2 type) family protein 
104 258434_at AT3G16770 1 ERF072 
105 257149_at AT3G27280 1 ATPHB4 (PROHIBITIN 4) 
106 252958_at AT4G38620 1 MYB4 
107 251657_at AT3G57000 1 nucleolar essential protein-related 
108 248895_at AT5G46330 1 FLAGELLIN SENSITIVE 2 (FLS2) 
109 246935_at AT5G25350 1 EIN3-binding F Box Protein 2 (EBF2) 
110 246152_at AT5G20040 1 ATIPT9 
111 245277_at AT4G15550 1 
INDOLE-3-ACETATE BETA-D-
GLUCOSYLTRANSFERASE 
112 263128_at AT1G78600 1 zinc finger (B-box type) family protein 
113 262636_at AT1G06670 1 NIH (NUCLEAR DEIH-BOXHELICASE) 
114 259401_at AT1G17760 1 ATCSTF77/CSTF77 (Cleavage stimulation factor 77) 
115 251353_at AT3G61080 1 fructosamine kinase family protein 
116 251169_at AT3G63210 1 
MARD1: MEDIATOR OF ABA-REGULATED 
DORMANCY 1 
117 267595_at AT2G32990 2 glycosyl hydrolase family 9 protein;endoglucanase-like 
118 267470_at AT2G30490 2 ATC4H (CINNAMATE-4-HYDROXYLASE) 
119 267144_at AT2G38110 2 ATGPAT6/GPAT6 
120 266449_at AT2G43080 2 AT-P4H-1 (A. THALIANA P4H ISOFORM 1) 
121 266368_at AT2G41380 2 embryo-abundant protein-related 
122 266086_at AT2G38060 2 transporter-related 
123 265359_at AT2G16720 2 Myb7 
124 265221_s_at AT2G02000 2 glutamate decarboxylase 
  AT2G02010 2 glutamate decarboxylase 
125 265083_at AT1G03820 2 similar to unknown protein 
126 264577_at AT1G05260 2 peroxidase 3 (PER3) 
127 263845_at AT2G37040 2 phenylalanine ammonia-lyase 1 (PAL1) 
128 262711_at AT1G16500 2 similar to unknown protein 
129 262715_at AT1G16490 2 MYB58 
130 262237_at AT1G48320 2 thioesterase family protein 
131 261501_at AT1G28390 2 WAK1-like kinase 
132 261167_at AT1G04980 2 ATPDIL2-2 (PDI-LIKE 2-2) 
133 260551_at AT2G43510 2 ATTI1 (A. THALIANA TRYPSIN INHIBITOR PROTEIN 1) 
134 260420_at AT1G69610 2 similar to unknown protein 
135 260243_at AT1G63720 2 similar to hydroxyproline-rich glycoprotein family protein 
 97 
 
136 259875_s_at AT1G76680 2 12-oxophytodienoate reductase (OPR1)  
  AT1G76690 2 12-oxophytodienoate reductase (OPR2)  
137 259036_at AT3G09220 2 LAC7 (laccase 7) 
138 258905_at AT3G06390 2 integral membrane family protein 
139 258631_at AT3G07970 2 polygalacturonase (PG) 
140 258364_at AT3G14225 2 GLIP4 (EMBRYO DEFECTIVE 1474) 
141 258275_at AT3G15760 2 similar to unknown protein 
142 257735_at AT3G27400 2 pectate lyase (PLL18) 
143 257697_at AT3G12700 2 aspartyl protease family protein 
144 257623_at AT3G26210 2 CYP71B23 
145 257074_at AT3G19660 2 similar to conserved hypothetical protein 
146 256789_at AT3G13672 2 seven in absentia (SINA) family protein 
147 255524_at AT4G02330 2 pectin methyl esterases (PME) 
148 254665_at AT4G18340 2 glycosyl hydrolase family 17 protein 
149 254597_at AT4G18980 2 similar to unknown protein 
150 254524_at AT4G20000 2 VQ motif-containing protein 
151 253947_at AT4G26760 2 microtubule associated protein (MAP65/ASE1) family protein 
152 253579_at AT4G30610 2 BRI1-suppressor (BRS1) 
153 253277_at AT4G34230 2 CAD5 (CINNAMYL ALCOHOL DEHYDROGENASE 5) 
154 252831_at AT4G39980 2 2-dehydro-3-deoxyphosphoheptonate aldolase 1  
    7-phosphate synthase 1 / DAHP synthetase 1 (DHS1) 
155 252638_at AT3G44540 2 oxidoreductase 
156 252639_at AT3G44550 2 acyl CoA reductase 
157 251824_at AT3G55090 2 ABC transporter family protein 
158 251507_at AT3G59080 2 aspartyl protease family protein 
159 251190_at AT3G62690 2 ATL5 
160 251191_at AT3G62590 2 lipase class 3 family protein 
161 250535_at AT5G08480 2 VQ motif-containing protein, 
162 250350_at AT5G12010 2 similar to unknown protein 
163 249992_at AT5G18560 2 ERF086 
164 249761_at AT5G23970 2 transferase family protein 
165 249481_at AT5G38900 2 DSBA oxidoreductase family protein 
166 249046_at AT5G44400 2 FAD-binding domain-containing protein 
167 249057_at AT5G44480 2 DUR (DEFECTIVE UGE IN ROOT) 
168 248908_at AT5G45800 2 MEE62 (maternal effect embryo arrest 62) 
169 247178_at AT5G65205 2 short-chain dehydrogenase/reductase (SDR) family protein 
170 245317_at AT4G15610 2 integral membrane family protein 
171 245151_at AT2G47550 2 pectin methyl esterases (PME) 
172 245148_at AT2G45220 2 pectin methyl esterases (PME) 
173 267228_at AT2G43890 2 polygalacturonase(PG) 
174 262772_at AT1G13210 2 haloacid dehalogenase-like hydrolase family protein 
175 261500_at AT1G28400 2 similar to unknown protein 
176 260232_at AT1G74640 2 similar to unknown protein 
177 260023_at At1g30040 2 GA2 Oxidase 2 (GA2OX2) 
178 260040_at AT1G68765 2 INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) 
179 259428_at AT1G01560 2 ATMPK11 (Arabidopsis thaliana MAP kinase 11) 
180 256024_at AT1G58340 2 ZF14 
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181 253571_at AT4G31000 2 calmodulin-binding protein 
182 252437_at AT3G47380 2 Invertase/pectinmethylesterase inhibitor protein (PMEi) 
183 250898_at AT5G03300 2 adenosine kinase 2 (ADK2) 
184 250738_at AT5G05730 2 Anthranilate synthase alpha subunit 1 (ASA1) 
185 249806_at AT5G23850 2 similar to unknown protein 
186 249592_at AT5G37890 2 seven in absentia (SINA) protein 
187 249558_at AT5G38310 2 unknown protein 
188 248791_at AT5G47350 2 palmitoyl protein thioesterase family protein 
189 245976_at AT5G13080 2 WRKY75 
190 267391_at AT2G44480 3 glycosyl hydrolase family 1 protein 
191 267392_at AT2G44490 3 PEN2 (PENETRATION 2) 
192 267276_at AT2G30130 3 ASL5 (phosphoenolpyruvate carboxykinase1) 
193 266884_at AT2G44790 3 UCC2 (UCLACYANIN 2) 
194 266708_at AT2G03200 3 aspartyl protease family protein 
195 265354_at AT2G16700 3 ADF5 (ACTIN DEPOLYMERIZING FACTOR 5) 
196 265262_at AT2G42980 3 aspartyl protease family protein 
197 264960_at AT1G76930 3 EXT4(EXTENSIN 4) (formerly EXT1) 
198 264001_at AT2G22420 3 peroxidase 17 (PER17) 
199 263517_at AT2G21620 3 RD2 (RESPONSIVE TO DESSICATION 2) 
200 263370_at AT2G20500 3 unknown protein 
201 263210_at AT1G10585 3 similar to basic helix-loop-helix (bHLH) family protein 
202 263179_at AT1G05710 3 ethylene response 33 (ER33)-like 
203 262736_at AT1G28570 3 GDSL-motif lipase 
204 262134_at AT1G77990 3 AST56 
205 260983_at AT1G53560 3 similar to unknown protein 
206 260919_at no-match 3 no-match 
207 260581_at AT2G47190 3 MYB2 
208 260203_at AT1G52890 3 ANAC019 
209 259975_at AT1G76470 3 cinnamoyl-CoA reductase 
210 259661_at  T1G55265 3 similar to unknow protein 
211 259293_at AT3G11580 3 DNA-binding protein 
212 259134_at AT3G05390 3 similar to unknown protein 
213 258791_at AT3G04720 3 PR4 (PATHOGENESIS-RELATED 4) 
214 258809_at AT3G04070 3 ANAC047 
215 258257_at AT3G26770 3 short-chain dehydrogenase/reductase (SDR) family protein 
216 258110_at AT3G14610 3 CYP72A7 
217 257927_at AT3G23240 3 ERF092 
218 257774_at AT3G29250 3 oxidoreductase 
219 257066_at AT3G18280 3 protease inhibitor/seed storage/lipid transfer protein (LTP)  
220 256981_at AT3G13380 3 Brassinosteroid receptor protein-like (Bri1-like 3/ BRL3) 
221 256924_at AT3G29590 3 AT5MAT; O-malonyltransferase/ transferase 
222 256378_at AT1G66830 3 RLK 
223 256349_at AT1G54890 3 late embryogenesis abundant protein-related  
224 256319_at AT1G35910 3 trehalose-6-phosphate phosphatase 
225 256243_at AT3G12500 3 ATHCHIB (BASIC CHITINASE); chitinase 
226 256109_at AT1G16950 3 unknown protein 
227 255250_at AT4G05100 3 MYB74 
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228 255243_at AT4G0559 3 similar to unknown protein 
229 254432_at AT4G20830 3 FAD-binding domain-containing protein 
230 254386_at AT4G21960 3 peroxidase 42 (PER42) 
231 254331_s_at AT4G22690 3 CYP706A1 
  AT4G22710  CYP706A2 
232 254283_s_at AT4G22870 3 leucoanthocyanidin dioxygenase 
  AT4G22880  LDOX (TANNIN DEFICIENT SEED 4) 
233 253667_at AT4G30170 3 peroxidase, putative 
234 253639_at AT4G30550 3 glutamine amidotransferase class-I domain-containing protein 
235 253405_at AT4G32800 3 ERF043 
236 253414_at AT4G33050 3 EDA39 (embryo sac development arrest 39) 
237 253343_at AT4G33540 3 metallo-beta-lactamase family protein 
238 253099_s_at AT4G37530 3 peroxidase 
  AT4G37520  peroxidase 50 (PER50) 
239 252533_at AT3G46110 3 signal transducer 
240 252234_at AT3G49780 3 ATPSK4 (PHYTOSULFOKINE 4 PRECURSOR) 
241 252004_at AT3G52780 3 purple acid phosphatase (PAP20), 
242 251612_at AT3G57950 3 similar to unknown protein 
243 251342_at AT3G60690 3 auxin-responsive family protein 
244 251084_at AT5G01520 3 zinc finger (C3HC4-type RING finger) family protein 
245 250798_at AT5G05340 3 peroxidase 
246 250287_at AT5G13330 3 ERF113 
247 249983_at AT5G18470 3 curculin-like (mannose-binding) lectin family protein 
248 249988_at AT5G18310 3 similar to unknown protein 
249 249858_at AT5G23000 3 MYB37 
250 249719_at AT5G35735 3 auxin-responsive family protein 
251 249581_at AT5G37600 3 ATGSR1 (Arabidopsis thaliana glutamine synthase clone R1) 
252 249467_at AT5G39610 3 ANAC092/ATNAC2/ATNAC6 
253 248887_at AT5G46115 3 unknown protein 
254 248333_at AT5G52390 3 photoassimilate-responsive protein 
255 248203_at AT5G54230 3 MYB49 
256 248205_at AT5G54300 3 similar to unknown protein 
257 247869_at AT5G57520 3 ZFP2 (ZINC FINGER PROTEIN 2) 
258 247871_at AT5G57530 3 XTH12 
259 247351_at AT5G63780 3 ANAC102 
260 247327_at AT5G64120 3 peroxidase 
261 246485_at AT5G16080 3 similar to unknown protein 
262 246389_at AT1G77380 3 AAP3 (amino acid permease 3) 
263 246238_at AT4G36670 3 mannitol transporter, putative 
264 246042_at AT5G19440 3 cinnamyl-alcohol dehydrogenase, putative (CAD) 
265 245885_at AT5G09440 3 phosphate-responsive protein 
266 245859_at AT5G28290 3 protein kinase,putative 
267 245878_at AT1G26190 3 phosphoribulokinase/uridine kinase family protein 
268 245643_at AT1G25340 3 MYB116 
269 245101_at AT2G40890 3 CYP98A3 
270 245051_at AT2G23320 3 WRKY15 
271 257583_at AT1G66480 3 PMI2 (plastid movement impaired 2) 
 100 
 
272 267181_at AT2G37760 3 aldo/keto reductase family protein 
273 266156_at AT2G28110 3 FRA8 (FRAGILE FIBER8) 
274 262229_at AT1G68620 3 similar to unknown protein 
275 261614_at AT1G49760 3 PAB8 (POLY(A) BINDING PROTEIN 8) 
276 260772_at AT1G49050 3 aspartyl protease family protein 
277 259681_at AT1G77760 3 NIA1 (NITRATE REDUCTASE 1) 
278 258151_at AT3G18080 3 glycosyl hydrolase family 1 protein  
279 257805_at AT3G18830 3 ATPLT5 (POLYOL TRANSPORTER 5) 
280 255923_at AT1G22180 3 
SEC14 cytosolic factor family / phosphoglyceride transfer 
family protein 
281 255543_at AT4G01870 3 tolB protein-related 
282 254371_at AT4G21760 3 BGLU47 (Beta-glucosidase 47) 
283 254256_at AT4G23180 3 CRK10(cysteine-rich RLK 10) 
284 253841_at AT4G27830 3 glycosyl hydrolase family 1 protein 
285 253364_at AT4G33160 3 F-box family protein (FBX13) 
286 252175_at AT3G50700 3 A. THALIANA INDETERMINATE(ID)-DOMAIN 2 
287 251363_at AT3G61250 3 MYB17 
288 249532_at AT5G38780 3 S-adenosyl-L-methionine:carboxyl methyltransferase family 
289 248701_at AT5G48410 3 ATGLR1.3 (Arabidopsis thaliana glutamate receptor 1.3) 
290 247985_at AT5G56790 3 protein kinase family protein 
291 247165_at AT5G65790 3 MYB68 
292 266680_s_at AT3G54730 4 similar to ATOFP9/OFP9 
  AT2G19850  similar to unknown protein 
293 265826_at AT2G35795 4 DNAJ heat shock N-terminal domain-containing protein 
294 264788_at AT2G17880 4 DNAJ heat shock protein, putative 
295 264692_at AT1G70000 4 Myb-like 
296 264365_s_at AT1G03220 4 extracellular dermal glycoprotein  
  AT1G03230  extracellular dermal glycoprotein 
297 260831_at AT1G06830 4 glutaredoxin family protein 
298 260738_at AT1G14990 4 similar to hypothetical protein 
299 260059_at AT1G78090 4 ATTPPB (TREHALOSE-6-PHOSPHATE PHOSPHATASE) 
300 259616_at AT1G47960 4 Cell wall/vacuolar invertase; pectinesterase inhibitor 
301 259165_at AT3G01470 4 ATHB-1 (Homeobox-leucine zipper protein HAT5) 
302 256818_at AT3G21420 4 oxidoreductase 
303 255812_at AT4G10310 4 HKT1 (HIGH-AFFINITY K+ TRANSPORTER 1) 
304 253453_at AT4G31860 4 protein phosphatase 2C 
305 249774_at AT5G24150 4 SQP1 (Squalene monooxygenase 1) 
306 247741_at AT5G58960 4 GIL1 (GRAVITROPIC IN THE LIGHT) 
307 245740_at AT1G44100 4 AAP5 (amino acid permease 5) 
308 267305_at AT2G30070 4 ATKT1 (Arabidopsis thaliana K+ uptake 1) 
309 266731_at AT2G03260 4 EXS family protein / ERD1/XPR1/SYG1 family protein 
310 266201_at AT2G39060 4 nodulin MtN3 family protein 
311 264752_at AT1G23010 4 multi-copper oxidase type I family protein 
312 263124_at AT1G78480 4 prenyltransferase/squalene oxidase repeat-containing protein 
313 262096_at AT1G56010 4 ANAC021 
314 261114_at AT1G75390 4 bZIP transcription factor family protein 
315 252896_at AT4G39480 4 CYP96A9 
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316 248163_at AT5G54510 4 DWARF IN LIGHT 1 (DFL1); IAA amido synthase 
317 247156_at AT5G65760 4 serine carboxypeptidase S28 family protein 
318 246595_at AT5G14780 4 FDH (FORMATE DEHYDROGENASE) 
319 259942_at AT1G71260 4 ATWHY2 (A. THALIANA WHIRLY 2) 
320 258993_at AT3G08940 4 LHCB4.2 (LIGHT HARVESTING COMPLEX PSII) 
321 254690_at AT4G17830 4 peptidase M20/M25/M40 family protein 
322 253040_at AT4G37800 4 XTH7 (formerly XTR15) 
323 252377_at AT3G47960 4 proton-dependent oligopeptide transport (POT) family protein 
324 251144_at AT5G01210 4 transferase family protein 
  AT5G01215 4 transferase family protein 
325 250974_at AT5G02820 4 RHL2 (ROOT HAIRLESS 2) 
326 246681_at AT5G33280 4 chloride channel-like (CLC) protein 
327 267230_at AT2G44080 4 ARGOS-like (ARL), BR-regulated 
328 263123_at AT1G78500 4 pentacyclic triterpene synthase 
329 259586_at AT1G28100 4 similar to unknown protein 
330 257643_at AT3G25730 4 AP2 domain-containing transcription factor 
331 256759_at AT3G25640 4 similar to unknown protein 
332 256479_at AT1G33400 4 tetratricopeptide repeat (TPR)-containing protein 
333 267591_at AT2G39705 5 DVL11/RTFL8 (ROTUNDIFOLIA LIKE 8) 
334 266989_at AT2G39330 5 jacalin lectin family protein 
335 266873_at AT2G44740 5 CYCP4;1 (cyclin p4;1); cyclin-dependent protein kinase 
336 265400_at AT2G10940 5 protease inhibitor/seed storage/lipid transfer protein family  
337 265066_at AT1G03870 5 FLA9 (fasciclin-like arabinogalactan-protein) 
338 264071_at AT2G27920 5 SCPL51; serine carboxypeptidase 
339 263809_at AT2G04570 5 GDSL-motif lipase/hydrolase family protein 
340 263720_at AT2G13620 5 ATCHX15 (cation/hydrogen exchanger 15) 
341 263271_s_at AT5G28970 5 Ulp1 protease family protein 
  AT1G35110  Ulp1 protease family protein 
  AT4G19310  Ulp1 protease family protein 
  AT5G36030  Ulp1 protease family protein 
  AT2G11480  Ulp1 protease family protein 
342 263161_at AT1G54020 5 myrosinase-associated protein 
343 263031_at AT1G24070 5 Cellulose synthase-like A10 (ATCSLA10) 
344 262875_at AT1G64970 5 GAMMA-TOCOPHEROL METHYLTRANSFERASE 
345 262595_at AT1G15360 5 ERF001 
346 262369_at AT1G73010 5 phosphoric monoester hydrolase 
347 261727_at AT1G76090 5 SMT3 (S-adenosyl-methionine-sterol-C-methyltransferase 3) 
348 261504_at AT1G71692 5 AGL12 (AGAMOUS-LIKE 12) 
349 261309_at AT1G48600 5 phosphoethanolamine N-methyltransferase 2, putative  
350 261059_at AT1G01250 5 ERF023 
351 260666_at AT1G19300 5 GATL1/GLZ1/PARVUS (Galacturonosyltransferase-like 1) 
352 260547_at AT2G43550 5 trypsin inhibitor 
353 260297_at AT1G80280 5 hydrolase 
354 260241_at AT1G63710 5 CYP86A7 
355 260141_at AT1G66350 5 RGA-LIKE 1 (RGL1) 
356 259834_at AT1G69570 5 Dof-type zinc finger domain-containing protein 
357 259848_at AT1G72180 5 RLK 
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358 259429_at AT1G01600 5 CYP86A4 
359 258962_at AT3G10570 5 CYP77A6 
360 258750_at AT3G05910 5 pectinacetylesterase 
361 258589_at AT3G04290 5 ATLTL1/LTL1 (LI-TOLERANT LIPASE 1) 
362 258432_at AT3G16570 5 RALFL23 (RALF-LIKE 23) 
363 257916_at AT3G23210 5 basic helix-loop-helix (bHLH) family protein 
364 256509_at AT1G75300 5 isoflavone reductase 
365 255825_at AT2G40475 5 similar to unknown protein 
366 255604_at AT4G01080 5 similar to unknown protein 
367 255587_at AT4G01480 5 inorganic pyrophosphatase 
368 254892_at AT4G11800 5 calcineurin-like phosphoesterase family protein 
369 254845_at AT4G11820 5 BAP1 (hydroxymethylglutaryl-CoA synthase) 
370 254221_at AT4G23820 5 polygalacturonase (PG) 
371 253948_at AT4G26940 5 galactosyltransferase family protein 
372 253842_at AT4G27860 5 integral membrane family protein 
373 253622_at AT4G30560 5 CYCLIC NUCLEOTIDE GATED CHANNEL 9 
374 252997_at AT4G38400 5 EXP-like A2 (EXLA2) 
375 252879_at AT4G39390 5 transporter-related 
376 252168_at AT3G50440 5 hydrolase 
377 251751_at AT3G55720 5 similar to unknown protein 
378 251653_at AT3G57130 5 BOP1 (BLADE ON PETIOLE 1) 
379 251592_at AT3G57670 5 zinc finger (C2H2 type) protein (WIP2), 
380 251469_at AT3G59530 5 strictosidine synthase family protein 
381 250662_at AT5G07010 5 sulfotransferase family protein 
382 250505_at AT5G09870 5 CESA5 (CELLULASE SYNTHASE 5) 
383 250455_at AT5G09980 5 PROPEP4 (Elicitor peptide 4 precursor) 
384 249939_at AT5G22430 5 similar to unknown protein 
385 248467_at AT5G50800 5 nodulin MtN3 family protein 
386 247468_at AT5G62000 5 ARF2 
387 247175_at AT5G65280 5 lanthionine synthetase C-like family protein 
388 246779_at AT5G27520 5 mitochondrial substrate carrier family protein 
389 246687_at AT5G33370 5 GDSL-motif lipase/hydrolase family protein 
390 246510_at AT5G15410 5 DND1 (DEFENSE NO DEATH 1) 
391 246481_s_at AT5G15960 5 stress-responsive protein (KIN1)  
  AT5G15970 5 stress-responsive protein (KIN2)  
392 246494_at AT5G16190 5 ATCSLA11 
393 245574_at AT4G14750 5 IQD19 (IQ-DOMAIN 19) 
394 245479_at AT4G16140 5 proline-rich family protein 
395 245087_at AT2G39830 5 zinc ion binding 
396 257522_at AT3G08990 5 yippee family protein 
397 263497_at AT2G42540 5 COR15A (COLD-REGULATED 15A) 
398 263449_at AT2G31670 5 similar to unknown protein 
399 262815_at AT1G11610 5 CYP71A18 
400 261716_at AT1G18410 5 kinesin motor protein-related 
401 261279_at AT1G05850 5 POM1 (POM-POM1); chitinase 
402 254785_at AT4G12730 5 FLA2 (fasciclin-like arabinogalactan-protein) 
403 253483_at AT4G31910 5 transferase family protein 
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404 251395_at AT2G45470 5 FLA8 (Arabinogalactan protein 8) 
405 249226_at AT5G42170 5 family II extracellular lipase 
406 247758_at AT5G59120 5 subtilase family protein 
407 246021_at AT5G2110 5 L-ascorbate oxidase 
408 267560_at AT2G45580 6 CYP76C3 
409 265984_at AT2G24210 6 TPS10 (TERPENE SYNTHASE 10) 
410 265345_at AT2G22680 6 zinc finger (C3HC4-type RING finger) family protein 
411 264889_at AT1G23050 6 hydroxyproline-rich glycoprotein family protein 
412 264588_at AT2G17730 6 zinc finger (C3HC4-type RING finger) family protein 
413 264524_at AT1G10070 6 branched-chain-amino-acid transaminase/ catalytic 
414 264525_at AT1G10060 6 branched-chain-amino-acid transaminase/ catalytic 
415 263319_at AT2G47160 6 BOR1 (REQUIRES HIGH BORON 1) 
416 263081_at AT2G27220 6 BLH5 (BELL1-LIKE HOMEODOMAIN 5) 
417 262680_at AT1G75880 6 EXL1(family II extracellular lipase 1) 
418 262039_at AT1G80050 6 APT2 (ADENINE PHOSPHORIBOSYL TRANSFERASE 2) 
419 261819_at AT1G11410 6 S-locus protein kinase, putative 
420 260933_at AT1G02470 6 similar to unknown protein 
421 259972_at AT1G76420 6 ANAC031 
422 259790_s_at AT1G29430 6 auxin-responsive family protein,  
  AT5G27780  auxin-responsive family protein 
423 259281_at AT3G01140 6 MYB106 
424 259187_at AT3G01530 6 MYB57 
425 259042_at AT3G03450 6 RGA-LIKE 2 (RGL2) 
426 259005_at AT3G01930 6 nodulin family protein 
427 258976_at AT3G01980 6 short-chain dehydrogenase/reductase (SDR) family protein 
428 258919_at AT3G10525 6 similar to unknown protein 
429 258511_at AT3G06590 6 similar to Helix-loop-helix DNA-binding 
430 258369_at AT3G14310 6 pectin methyl esterases (PME) 
431 258259_s_at AT3G26820 6 esterase/lipase/thioesterase family protein 
  AT3G26840 6 esterase/lipase/thioesterase family protein 
432 258237_at AT3G27810 6 MYB21 
433 257974_at AT3G20820 6 leucine-rich repeat family protein 
434 257220_at AT3G27810 6 MYB21 
435 257137_at AT3G28860 6 ATMDR11/MDR1/MDR11/P-GLYCOPROTEIN 19) 
436 257026_at AT3G19200 6 similar to unknown protein 
437 256622_at AT3G28920 6 ATHB34 (A. THALIANA HOMEOBOX PROTEIN 34) 
438 256586_at AT3G28770 6 similar to unknown protein 
439 255872_at AT2G30360 6 CIPK11  
440 255822_at AT2G40610 6 EXP8 
441 255037_at AT4G09460 6 MYB6 
442 254595_at AT4G18960 6 AG (AGAMOUS) 
443 254384_at AT4G21870 6 26.5 kDa class P-related heat shock protein (HSP26.5-P), 
444 254239_at AT4G23400 6 PIP1;5/PIP1D (plasma membrane intrinsic protein 1;5) 
445 254110_at AT4G25260 6 invertase/pectin methylesterase inhibitor family protein 
446 253749_at AT4G29080 6 PAP2 (PHYTOCHROME-ASSOCIATED PROTEIN 2) 
447 253559_at AT4G31140 6 glycosyl hydrolase family 17 protein 
448 253411_at AT4G32980 6 GA biosynthesis regulator (ATH1) 
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449 253038_at AT4G37790 6 HAT22 (homeobox-leucine zipper protein 22) 
450 252543_at AT3G45780 6 PHOT1 (phototropin 1) 
451 251227_at AT3G62700 6 A. thaliana multidrug resistance-associated protein 10 
452 250366_at AT5G11420 6 similar to unknown protein 
453 249118_at AT5G43870 6 similar to unknown protein 
454 249008_at AT5G44680 6 methyladenine glycosylase family protein 
455 249012_at AT5G44620 6 CYP706A3 
456 248625_at AT5G48880 6 KAT5/PKT1/PKT2 
457 248643_at AT5G49130 6 MATE efflux family protein 
458 248358_at AT5G52400 6 CYP715A1 
459 247214_at AT5G64850 6 similar to unknown protein 
460 246275_at AT4G36540 6 BEE2 (BR ENHANCED EXPRESSION 2) 
461 246076_at AT5G20280 6 ATSPS1F (sucrose phosphate synthase 1F) 
462 245381_at AT4G17785 6 MYB39 
463 245336_at AT4G16515 6 unknown protein 
464 267453_at AT2G33880 6 WOX9 (STIMPY) 
465 267001_at AT2G34470 6 UREG (urease accessory protein G) 
466 266765_at AT2G46860 6 inorganic pyrophosphatase 
467 262643_at AT1G62770 6 invertase/pectin methylesterase inhibitor family protein 
468 260178_at AT1G70720 6 invertase/pectin methylesterase inhibitor family protein 
469 253437_at AT4G32460 6 similar to unknown protein 
470 252255_at AT3G49220 6 pectin methyl esterases (PME) 
471 251420_at AT3G60490 6 ERF035 
472 250434_at AT5G10390 6 histone H3, 
473 249895_at AT5G22500 6 acyl CoA reductase, putative / male-sterility protein 
474 248627_at AT5G48950 6 thioesterase family protein 
475 246933_at AT5G25160 6 ZFP3 (ZINC FINGER PROTEIN 3) 
476 246601_at AT1G31710 6 copper amine oxidase 
477 245076_at AT2G23170 6 GH3.3; indole-3-acetic acid amido synthetase 
478 266215_at AT2G06850 6 Xyloglucan endotransglycosylase/hydrolase XTH4  
479 266649_at AT2G25810 7 TIP4;1 (tonoplast intrinsic protein 4;1) 
480 266654_at AT2G25890 7 glycine-rich protein / oleosin 
481 265680_at AT2G32150 7 haloacid dehalogenase-like hydrolase family protein 
482 265261_at AT2G42990 7 GDSL-motif lipase/hydrolase family protein 
483 263320_at AT2G47180 7 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 1) 
484 262637_at AT1G06640 7 2-oxoglutarate-dependent dioxygenase-like (Tomato E8-like) 
485 262391_at AT1G49530 7 GERANYLGERANYL PYROPHOSPHATE SYNTHASE 6 
486 262354_at AT1G64200 7 VACUOLAR H+-ATPASE SUBUNIT E ISOFORM 3 
487 261871_at AT1G11440 7 similar to glycine-rich protein 
488 261137_at AT1G19830 7 auxin-responsive protein 
489 261037_at AT1G17420 7 Lipoxygenase 3 (LOX3) 
490 260955_at AT1G06000 7 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
491 260429_at AT1G72450 7 similar to unknown protein 
492 260399_at AT1G72520 7 LOX3-like 
493 259866_at AT1G76640 7 calmodulin-related protein 
494 259609_at AT1G52410 7 TSA1 (TSK-ASSOCIATING PROTEIN 1) 
495 257641_s_at AT3G25760 7 allene oxide cyclase 1(AOC1)  
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  AT3G25770 7 allene oxide cyclase 1(AOC2) 
496 256489_at AT1G31550 7 GDSL-motif lipase 
497 256098_at AT1G13700 7 glucosamine/galactosamine-6-phosphate isomerase family 
498 255786_at AT1G19670 7 Coronatine-Induced Protein 1 (ATCLH1) 
499 255619_s_at AT5G59920 7 ULI3 (UV-B light insensitive 3 
  AT4G01350 7 DC1 domain-containing protein 
500 255580_at AT4G01470 7 GAMMA-TIP3/TIP1;3 (tonoplast intrinsic protein 1;3) 
501 254754_at AT4G13210 7 pectate lyase (PLL23) 
502 254762_at AT4G13230 7 late embryogenesis abundant domain-containing protein  
503 254185_at AT4G23990 7 CESA5 (CELLULASE SYNTHASE 5) 
504 252363_at AT3G48460 7 GDSL-motif lipase/hydrolase family protein 
505 250550_at AT5G07870 7 transferase family protein 
506 250224_at AT5G14150 7 similar to unknown protein 
507 249732_at AT5G24420 7 glucosamine/galactosamine-6-phosphate isomerase-related 
508 249167_at AT5G42860 7 similar to unknown protein 
509 248227_at AT5G53820 7 similar to unknown protein 
510 248091_at AT5G55120 7 similar to VTC2 (VITAMIN C DEFECTIVE 2) 
511 247030_at AT5G67210 7 nucleic acid binding / pancreatic ribonuclease 
512 247035_at AT5G67110 7 ALC (ALCATRAZ) 
513 246002_at AT5G20740 7 invertase/pectin methylesterase inhibitor family protein 
514 245842_at AT1G58430 7 RXF26; carboxylic ester hydrolase 
515 266820_at AT2G44940 7 ERF034 
516 263368_at no-match 7 no match 
517 263012_at no-match 7 no match 
518 262414_at AT1G49430 7 LACS2 (LONG-CHAIN ACYL-COA SYNTHETASE 2) 
519 262171_at AT1G74950 7 similar to unknown protein 
520 260549_at AT2G43535 7 trypsin inhibitor, putative 
521 260205_at AT1G70700 7 similar to unknown protein 
522 260134_at AT1G66370 7 MYB113 
523 258163_at AT3G17940 7 aldose 1-epimerase family protein 
524 251455_at AT3G60100 7 CSY5 (CITRATE SYNTHASE 5) 
525 249541_at AT5G38130 7 transferase family protein  
526 249208_at AT5G42650 7 AOS (ALLENE OXIDE SYNTHASE); 
527 247037_at AT5G67070 7 RALFL34 (RALF-LIKE 34) 
528 246983_at AT5G67200 7 leucine-rich repeat transmembrane protein kinase 
529 245854_at AT5G13490 7 AAC2 (ADP/ATP CARRIER 2) 
530 265122_at AT1G62540 8 flavin-containing monooxygenase family protein  
531 264321_at AT1G04200 8 similar to PREDICTED: similar to dymeclin 
532 264053_at AT2G22560 8 kinase interacting protein-related 
533 263662_at AT1G04430 8 dehydration-responsive protein-related 
534 263180_at AT1G05620 8 inosine-uridine preferring nucleoside hydrolase family protein 
535 261485_at AT1G14360 8 ATUTR3/UTR3 (UDP-GALACTOSE TRANSPORTER 3); 
536 261129_at AT1G04820 8 TUA4 (tubulin alpha-4 chain) 
537 259380_at AT3G16340 8 ATPDR1/PDR1 (PLEIOTROPIC DRUG RESISTANCE 1) 
538 258040_at AT3G21190 8 similar to unknown protein 
539 257238_at AT3G17430 8 phosphate translocator-related 
540 256578_at AT3G28200 8 peroxidase, putative 
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541 254333_at AT4G22753 8 SMO1-3 (STEROL 4-ALPHA METHYL OXIDASE) 
542 254201_at AT4G24130 8 similar to unknown protein 
543 253523_at AT4G31340 8 myosin heavy chain-related 
544 251906_at AT3G53720 8 ATCHX20 (CATION/H+ EXCHANGER 20) 
545 250110_at AT5G15350 8 plastocyanin-like domain-containing protein 
546 249910_at AT5G22630 8 prephenate dehydratase family protein 
547 249469_at AT5G39320 8 UDP-glucose 6-dehydrogenase, 
548 247720_at AT5G59290 8 UXS3 (UDP-GLUCURONIC ACID DECARBOXYLASE) 
549 247394_at AT5G62860 8 F-box family protein-related 
550 261794_at AT1G16060 8 ovule development protein, putative, AINTEGUMENTA-like 
551 256251_at AT3G11330 8 leucine-rich repeat family protein 
552 251427_at AT3G60130 8 glycosyl hydrolase family 1 / putative beta-glucosidase  
553 250875_at AT5G04020 8 calmodulin-binding protein-related (PICBP) 
554 247202_at AT5G65270 8 AtRABA4a (Arabidopsis Rab GTPase homolog A4a) 
 
Table S2.  Fold-changes of selected stamen AZ554 transcripts within floral stage intervals.  Annotations of the EXP, 
ERF, pectate lyase and XTH families follow conventions of Kende et al (2004), Nakano et al. (2006), Palusa et al. (2007) 
and Rose et al. (2002). 
  Developmental Stage Interval Cluster  
  12-13 13-15a 15a-15b 15b-15c  
Receptor-like kinases (RLKs)  
At4g23180 cysteine-rich RLK 10 (CRK10) 1.4 3.0 1.2 1.4 3 
At5g46330  FLAGELLIN SENSITIVE 2 (FLS2)  4.0 1.9 -1.1 -1.4 1 
At4g28490 HAESA (HAE) 2.4 6.2 1.3 1.3 1 
At1g09970 RLK 2.5 2.9 1.0 -1.3 1 
At1g66830 RLK 2.7 55.1 2.2 2.0 3 
At1g72180 RLK -1.9 -2.4 -1.0 1.0 5 
At1g28390 WAK1-like kinase 1.2 2.1 1.9 1.9 2 
Extracellular ligands  
At3g24770 CLAVATA3/ESR-RELATED 41 (CLE41) 2.5 2.1 1.2 1.0 1 
At1g68765 INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) -1.1 5.0 6.7 5.6 2 
Hormone transport  
At2g01420 PIN-FORMED 4 (PIN4) auxin efflux carrier 2.2 2.1 1.4 1.2 1 
Hormone synthesis or synthesis regulation  
At5g42650 allene oxide synthase (AOS) -3.3 -1.6 -1.1 1.3 7 
At3g25760/At3g25770 allene oxide cyclase 1 and/or 2 (AOC1 and/or AOC2) -17.4 -1.0 1.1 1.5 7 
At5g05730 anthranilate synthase alpha subunit 1 (ASA1)  -2.5 1.8 1.6 1.7 2 
At3g30180 brassinosteroid-6-oxidase 2  (BR6OX2/CYP85A2)   2.1 2.5 1.3 -1.3 1 
At4g32980 GA biosynthesis regulator (ATH1)  -1.1 -1.7 -1.3 -2.8 6 
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At1g17420 lipoxygenase 3 (LOX3) -12.4 1.6 -2.1 2.3 7 
At1g72520 LOX3-like -23.3 1.1 -1.1 1.1 7 
At1g06640 
2-oxoglutarate-dependent dioxygenase 
(tomato E8-like ethylene synthesis 
regulator) 
-7.8 -1.3 1.3 1.5 7 
Hormone catabolism or conjugation  
At1g30040 GA2 Oxidase 2 (GA2OX2) -1.5 2.2 1.3 1.5 2 
At5g54510 IAA amido synthase; DWARF IN LIGHT 1 (DFL1) 2.0 -1.1 1.0 -1.1 4 
At2g23170 IAA amido synthase -1.2 -4.1 -1.6 -1.3 6 
Hormone signaling  
At3g13380 brassinosteroid receptor protein-like (Bri1-like 3/ BRL3) 1.3 4.6 1.9 1.6 3 
At4g30610 BRI1-suppressor (BRS1) -2.0 1.5 2.4 2.5 2 
At5g25350 EIN3-binding F Box Protein 2 (EBF2) 1.9 2.5 -1.5 -1.3 1 
At1g15360 ERF001 -22.9 -20.6 1.1 -1.7 5 
At5g25190 ERF003 4.5 3.7 1.6 1.7 1 
At1g01250 ERF023 -2.2 -3.9 1.1 1.5 5 
At2g44940 ERF034 -4.7 1.1 -1.2 1.3 7 
At3g60490 ERF035 -1.2 -1.3 -1.0 -3.0 6 
At4g32800 ERF043 -1.5 7.1 -1.2 1.8 3 
At3g16770  ERF072 2.5 2.9 1.3 -2.7 1 
At5g18560 ERF086 -1.4 1.6 3.1 4.3 2 
At3g23240 ERF092 1.8 7.3 1.4 1.2 3 
At5g13330 ERF113 -1.4 5.2 1.4 1.6 3 
At1g66350 RGA-LIKE 1 (RGL1) -2.5 -1.5 -1.1 -1.1 5 
At3g03450 RGA-LIKE 2 (RGL2) -1.4 -2.1 -1.3 -1.5 6 
Hormone-responsive proteins  
At2g44080 ARGOS-like (ARL), BR-regulated 2.5 2.4 -1.3 -1.7 4 
At1g19830 auxin-responsive protein -3.3 -1.8 1.2 1.8 7 
At1g29430/At5g27780 auxin-responsive protein 1.1 -5.9 -1.6 -1.3 6 
At2g45210 auxin-responsive protein 5.1 12.1 1.3 2.4 1 
At3g60690 auxin-responsive protein -1.3 9.3 -1.2 -1.0 3 
At4g36110 auxin-responsive protein 9.7 4.3 1.3 1.7 1 
At5g20820 auxin-responsive protein 6.2 2.0 -1.0 1.3 1 
At5g35735 auxin-responsive protein 1.1 11.0 1.9 2.4 3 
At4g36540 BR ENHANCED EXPRESSION 2 (BEE2) -1.2 -2.3 -1.2 -1.1 6 
At1g73830 BR-ENHANCED EXPRESSION 3 (BEE3) 4.9 1.4 1.3 1.0 1 
At1g19670 coronatine-Induced Protein 1 (ATCLH1) -8.9 1.1 -1.0 1.3 7 
At1g05710 ethylene response 33 (ER33)-like -1.0 5.7 1.3 1.3 3 
At3g02885 GA-regulated protein (GASA5)  3.1 26.1 1.3 1.1 1 
Cell wall modification  
At4g23990 cellulose synthase -7.8 -1.1 -1.0 1.0 7 
At5g09870 cellulose synthase A5 (CESA5) -1.3 -2.2 -1.1 1.2 5 
At1g24070 cellulose synthase-like A10 (AtCSLA10) -5.3 -2.5 -1.0 -1.1 5 
At5g16190 cellulose synthase-like A11 (AtCSLA11) -1.6 -4.7 1.5 -1.3 7 
At4g23990 cellulose synthase-like G3 (AtCSLG3) -7.8 -1.1 -1.0 1.1 7 
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At4g38400  expansin-like A2 (EXLA2) -1.6 -7.9 -1.5 1.8 5 
At2g40610 expansin A8 (EXPA8) 2.1 -19.8 -1.4 1.6 6 
At1g76930 extensin 4 (EXT4; formerly EXT1) 1.3 116.9 1.6 1.7 3 
At2g32990 glycosyl hydrolase family 9 protein, endoglucanase-like -1.8 2.5 1.6 1.2 2 
At4g18340 glycosyl hydrolase family 17 protein 1.2 -1.0 3.3 4.5 2 
At4g31140 glycosyl hydrolase family 17 protein 1.3 -3.4 -1.0 -1.8 6 
At3g27400 pectate lyase 18 (PLL18) 1.3 3.3 12.9 3.5 2 
At4g13210 pectate lyase 23 (PLL23) -4.5 -1.4 1.2 2.1 7 
At3g14310 pectin methylesterase 3 (PME3) -1.0 -2.3 -1.5 -1.1 6 
At3g49220 pectin methylesterase (PME) 1.6 -3.5 -1.3 -1.5 6 
At2g45220 PME -1.1 4.0 14.2 8.1 2 
At2g47550 PME -1.4 2.0 3.7 5.3 2 
At4g02330 PME -3.1 2.3 2.3 2.8 2 
At1g47960 invertase/pectinmethylesterase inhibitor protein (PMEi) 4.0 1.3 -1.3 -2.1 4 
At1g70720 PMEi -1.1 -11.8 -2 -1.9 6 
At3g47380 PMEi 1.1 1.3 6.3 4.6 2 
At4g25260 PMEi -1.3 -5.4 -1.4 -1.5 6 
At5g20740 PMEi -3 -1.1 1.0 1.1 7 
At1g05260 peroxidase 3 (PER3) -1.0 1.5 15.7 5.4 2 
At2g22420 PER17 1.7 2.7 1.4 1.2 3 
At2g37130 PER21 2.6 68.0 1.3 -1.3 1 
At3g21770 PER30 3.4 1.6 2.0 1.5 1 
At3g49120/At3g49110 PER33 and/or PER34 1.4 3.6 1 -1 1 
At4g21960 PER42 1.2 3.7 1.1 -1.0 3 
At4g37520/At4g37530 PER50 1.5 3.8 1.7 2.5 3 
At3g28200 peroxidase (PER) -1.8 -3.5 1.6 2.1 8 
At4g30170 PER -1.6 16.2 1.9 3.3 3 
At5g05340 PER -2.6 71.6 9.2 2.5 3 
At5g06720 PER 7.0 9.6 1.6 1.6 1 
At5g58390 PER 4.5 11.2 1.3 -1.5 1 
At5g64120 PER 1.4 12.7 4.0 3.7 3 
At2g43890  polygalacturonase (PG) -2.3 1.0 8.2 2.4 2 
At3g07970 PG 1.9 2.5 22.7 4.7 2 
At4g23820 PG -1.2 -3.8 -1.2 1.7 5 
At4g16140 proline-rich family protein -1.2 -1.3 -1.0 -3.2 5 
At2g16430 purple acid phosphatase 10 (PAP10) 1.6 2.5 -1.1 -1.5 1 
At3g52780 purple acid phosphatase 20 (PAP20) 1.2 12.4 2.4 2.0 3 
At2g06850 
xyloglucan 
endotransglycosylase/hydrolase 4 (XTH4; 
formerly EXGT-A1) 
2.9 -2.3 -1.2 1.0 6 
At4g37800 XTH7 (formerly XTR15) 2.9 2.2 -1.2 -3.3 4 
At5g57530 XTH12 2.7 4.2 1.3 3.0 3 
At1g14720 XTH28 (formerly XTR2) 1.6 3.1 1.0 1.3 1 
Myb transcription factors  
At2g47190 Myb2 2.0 18.6 1.5 2.2 3 
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At4g09460 Myb6 1.4 -2.6 -1.2 -1.1 6 
At2g16720 Myb7 -1.2 2.4 1.7 2.7 2 
At2g31180 Myb14 1.1 7.1 1.0 -1.7 1 
At3g61250 Myb17 -1.1 3.7 -1.1 1.1 3 
At3g27810 Myb21 1.1 -2.7 -1.4 -3.5 6 
At5g23000 Myb37 1.2 12.2 1.0 1.4 3 
At4g17785 Myb39 -2.1 -1.5 2.3 -5.0 6 
At3g48920 Myb 45 63.3 10.2 2.1 1.2 1 
At5g54230 Myb49 -2.8 42.9 2.7 2.5 3 
At3g01530 Myb57 5.2 -4.3 -1.3 -2.3 6 
At1g16490 Myb58 1.3 2.6 7.1 4.9 2 
At1g68320 Myb62 4.9 1.7 1.3 1.1 1 
At5g65790 Myb68 -2.0 21.0 1.9 1.6 3 
At4g05100 Myb74 -1.6 28.8 2.6 1.8 3 
At1g56650 Myb75 1.5 7.4 1.6 -1.5 1 
At1g66370 Myb113 -18.1 1.3 1.0 -1.4 7 
At1g25340 Myb116 -1.1 14.4 2.1 1.5 3 
At1g70000 Myb-like 4.3 1.1 -1.0 -2.2 4 
Unknown function  
At1g76680/At1g76690 12-oxophytodienoate reductase 1 and/or 2 (OPR1 and/or OPR2) -1.4 2.1 1.9 1.8 2 
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Figure S1. Validation of microarray results by conducting quantitative real time PCR.  Mean 
-ΔΔ Ct is indicative of the relative amount of product detected by Q-PCR at each stage. Q-
PCR data are compared to normalized signal intensities obtained from microarrray 
hybridization. 
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Figure S2. Phenotypes of wildtype and 35S::AtZFP2 floral organs.  Panels 1 and 2; Left 
to right: flower, sepal, petal, carpel, stamen.  Panels 3 and 4; Left to right: flower, green 
petals on flower, distorted carpels on flower, stamen.  Scale bars equal to 500 µm. 
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CHAPTER IV: GENERAL CONCLUSION 
Research articles contained in previous chapters represent published work and work that is to 
be submitted for future publication.  In this chapter, we provide an overview of key results 
from the entire dissertation, with special emphasis on our development, validation and 
successful use of methods that link tape-transfer of paraffin sections, LCM, the acquisition of 
high quality RNA, and global gene expression profiling in order to discover novel candidate 
genes for abscission regulation. 
 
Laser capture microdissection of plant cells from tape-transferred paraffin sections 
promotes recovery of structurally intact RNA for global gene profiling.  The advent of 
laser capture microdissection (LCM) technology provided the means to harvest individual 
cells and cell types of interest for downstream applications such as gene profiling, proteomic 
analyses, and cDNA library construction.  At the beginning of the dissertation work, LCM 
methods were well-developed and extensively utilized in animal-based biological studies, but 
it remained technically challenging to recover RNA of high quality and yield from plant cells.  
This was especially true for cells of extremely low abundance, such as abscission zone cells, 
that we wished to use for global gene profiling.  
In order to conduct transcriptional profiling of floral organ abscission zones in 
Arabidopsis, a method was needed to isolate AZ target cells.  Because of their small size, we 
decided to first develop new methodology using relatively abundant specialized cells.  Using 
replum cells isolated from Arabidopsis siliques, we developed a laser capture microdissection 
system that was capable of generating high quality RNA.  The key to obtaining quality RNA 
was the use of a paraffin-tape transfer system to mount sectioned tissues on adhesive-coated 
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slides prior to LCM.  The paraffin-tape transfer system avoids the exposure of tissue sections 
to water seen during conventional section mounting, and markedly improves the quality of 
RNA isolated from laser-captured cells.  It is likely that this method minimizes the activity of 
endogenous RNases that would regain activity during stretching of paraffin sections on 
water.  Electrophoretic analysis of replum RNA showed the presence of distinct ribosomal 
bands, indicative of structural integrity.     
We used amplified RNA from replum cells to show that we could successfully 
conduct transcriptional profiling studies following laser capture microdissection.  As shown 
in the second chapter, this work identified a shift from primary cell metabolism to lignin 
biosynthesis in replum tissues during fruit maturation.  The sensitivity of the LCM-linked 
GeneChip system permitted detection of very rarely expressed transcripts. Collectively, these 
results suggested that development of the new technique coupling use of tape-transferred 
paraffin sections to LCM would make it technically feasible to obtain structurally intact RNA 
from AZs for GeneChip profiling.  
 
Stamen abscission zone transcriptome profiling reveals new candidates for abscission 
control. Negative regulation of floral organ detachment by Arabidopsis zinc finger 
protein 2.  Abscission is an important biological process within the plant life cycle.  Recent 
characterizations of individual genetic mutants with aberrant abscission behavior have 
greatly advanced our understanding of the genetic components participating in abscission 
regulation and have suggested the existence of multiple abscission signaling pathways.  
However, most molecular components of the diverse signaling pathways remain to be 
determined.  To identify unknown regulators of abscission and to generate additional 
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molecular markers expressed within floral organ abscission zones, we systematically 
examined the transcriptome changes occurring within stamen abscission zones from pre-
pollination to organ shed.  Identification of genes that are differentially regulated during 
abscission is the first step toward constructing potential models for abscission signaling.   
Stamen abscission-zone specific transcriptional profiling revealed that many genes 
are differentially regulated from pre-pollination to organ shed. Analyses in Chapter 3 focused 
on the 554 most statistically significant genes, AZ554 (p – value < = 0.0001). Among the 
AZ554, some genes had been previously characterized as abscission-related genes.  The 
expression profiles of some genes regulated in this study, such as HAESA (Jinn et al., 2000), 
BOP1 (Hartmond, 2000), and IDA (Butenko, et al., 2003), are consistent with those observed 
previously by others.  We believe that this gene set represents a valuable source of new cell 
separation determinants for future functional analyses.  
Compared to the functional categories of the probe sets represented on the GeneChip, 
cell-wall modification proteins are disproportionately represented in AZ554. Pectin-related 
modification proteins are especially prevalent, consistent with known roles for these genes in 
the disassembly of cell walls during abscission.  Pectic enzymes in AZ554 included 
polygalacturonases (PGases), pectin methylesterases and pectate lyases. Abscission-regulated 
cell wall proteins acting on non-pectic cell wall components included endo-1, 4-beta-
glucanases, xyloglucan endotransglucosylase/ hydrolases (XTHs), expansins, peroxidases, 
extensins, and cellulose synthases.  Interestingly, we noted that significant accumulation of 
transcripts for genes involved in regulation of hemicellulosic-cellulosic structure occurred at 
stages no later than anthesis, whereas the majority of pectin-related proteins exhibited 
appreciable up-regulation after anthesis.  The ordered disassembly of hemicellulose-cellulose 
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first, and then pectin, might be required for AZ cell separation.  Early modification of 
hemicellulosic-cellulosic structure might facilitate later entry of pectolytic proteins to their 
substrates (Lashbrook, 2005). Because most of the regulated cell wall genes in AZ554 belong 
to large gene families, genes undergoing differential regulation are good candidates for future 
studies to unravel their roles in abscission regulation.   
Multiple components of the ethylene signaling pathway exhibited profound changes 
during abscission.  In addition, regulated genes included those corresponding to multiple 
other hormones.  Positively or negatively modulated gene transcripts controlling auxin 
transport and response, derepression of GA signal transduction and increased expression of 
GA responsive proteins were revealed prior to organ shed.  Down-regulation of JA 
biosynthesis and increased expression of brassinosteroid (BR) - related genes were also 
identified.  The association of organ detachment with complex modulation of hormone status 
suggests the potential for significant cross-talk during abscission.  Currently, it is not known 
whether hormones other than ethylene and auxin play contributory roles in abscission, or are 
instead functionally associated with other developmental processes simultaneous with 
abscission.  
One disproportionally represented functional category in these 554 gene set is 
transcription factors.  We hypothesized that some of the novel abscission regulators might 
reside in this category.  Functional analyses of one transcription factor, AtZFP2, were 
conducted.  AtZFP2 encodes a putative zinc-finger transcription factor with unknown normal 
function (Tague and Goodman, 1995).  Our microarray studies show AtZFP2 is up regulated 
in stamen AZs post anthesis.  Promoter-GUS assays indicated enhanced expression in floral 
organ abscission zones and strong expression in multiple other organs including floral parts 
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and trichomes.  Transgenic lines with overexpression of AtZFP2 exhibit asynchronous and 
delayed floral organ abscission with severity of phenotype correlated with expression level of 
transgene.  Overexpression lines also show aberrant floral organ development such as 
greening of petals, increased density of trichomes on sepals and carpels as well as distortion 
of carpels.  No effective pollination occurs in these overexpression lines due to 
uncoordinated floral organ development and defective anther dehiscence.  Cross-pollination 
with wildtype pollen grains generates elongated siliques in overexpression lines but doesn’t 
bring about the rapid abscission seen in wildtype plants, indicating that pollination doesn’t 
assure a normal rate of abscission.  The phenotype of overexpression lines and its 
upregulated expression pattern suggest that AtZFP2 plays a direct or indirect regulatory role 
in abscission.  
Identification of differentially regulated genes in abscission will facilitate the 
discovery of additional target genes crucial for abscission control, although it is anticipated 
that it will be challenging to distinguish genes specifically controlling abscission from those 
involved in other processes such as senescence and dehiscence. The knowledge yielded from 
future characterizations of candidate genes for abscission regulation, especially those 
specifically expressed within abscission zones, will provide important clues to how 
abscission might be experimentally manipulated in agriculturally important crops.   
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